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Heavy metals produced from mining activities are a significant source of contamination 
throughout the world. The processes utilized by mining companies to grind, concentrate 
and separate metal ores create a large amount of waste material. These wastes are 
eventually deposited in streams and floodplains, where they may remain for hundreds to 
thousands of years. Historic mining operations near Butte, Montana sought the riches of 
the area’s gold, silver and copper ores. As a result of large floods, the waste materials 
produced by these mines were washed downstream and deposited on the floodplains of 
Silver Bow Creek and the Clark Fork River.
During gold and silver mining, mercury was used to amalgamate these metals from their 
ore. The process o f amalgamation is rather inefficient, and its use in Silver Bow County 
has produced widespread mercury contamination along with heavy metals of the native 
ore body. Beginning in 1999, active remediation started at Silver Bow Creek as part of 
the nation’s largest Superfund complex. This study began in the spring of 2003 in an 
attempt to characterize the distribution of mercury, arsenic, cadmium, copper, lead and 
zinc within the stream bed of Silver Bow Creek and determine the effects of remediation 
on metal contamination. Eight sample sites were established along the length of the 
creek, and samples were taken in April, June, July, September and October of 2003.
This study found that mercury concentrations were elevated throughout the length of the 
creek. The other contaminants are also elevated, with the primary source located at 
Ramsay Flats. In the restored portion of Silver Bow Creek all of the metals remain a 
concern, with their values exceeding both the background levels for contaminated 
materials and the NOAA sediment guidelines. Short-term temporal changes create small 
variations in concentration throughout the year. Long-term temporal changes throughout 
Silver Bow Creek do not indicate that metal concentrations have changed significantly in 
the past twelve years in response to initial remedial activities.
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Introduction
Heavy metals such as arsenic, cadmium, copper, lead, mercury and zinc occur in 
both natural and perturbed systems in small amounts. When they are present in 
significant concentrations, however, they become toxic to living organisms. Among the 
many sources of heavy metals in the environment are the original parent rock, fertilizers, 
sewage sludges, animal wastes, pesticides, irrigation waters, auto emissions, mining 
operations and many others. After removing the original parent rock from this list, all of 
the remaining sources are anthropogenic (Adriano, 1986). Mining operations are one of 
the most significant sources of metals introduced to the environment by human activity 
(Lee et al., 2001). It is widely acknowledged that heavy metals from mining operations 
can remain in the near surface environment for hundreds of years and have long lasting 
effects on the aquatic ecosystem (Miller and Lechler, 2003). Many heavy metal studies 
are driven by the need to evaluate their potential biomagnification and biotoxicity, assess 
metal enrichment in the environment from waste material, and to comply with state and 
federal regulations (Adriano, 1986). The purpose of this thesis is to characterize the 
distribution of heavy metals in a mining-impacted stream. Silver Bow Creek, in western 
Montana.
Metal production and use is one of the foundations for the development of today’s 
society, and many metals are essential for the biochemical function of life. Mining 
activities are only one o f the ways in which metals are introduced to the environment 
(Salomons, 1995). This pathway, however, is a very prominent and effective way of 
contaminating local environments. The grinding and concentration of ore, the disposal of 
tailings material and the production of wastewater that is associated with mining and
milling operations are direct sources of contamination (Lee et al., 2001). Erosion of 
tailings material or the direct deposition of tailings into rivers results in the introduction 
of metals into the aquatic system, with highly visible impacts (Salomons, 1995). As a 
result, many river systems throughout the world have become severely contaminated. In 
rivers with acidic water, the majority of heavy metals are transported in the dissolved 
form. In most rivers, however, the pH is near neutral to alkaline and metal ions become 
adsorbed onto sediment particles (Coulthard and Macklin, 2003). These sediments are 
eventually deposited in river channels and floodplains, and can potentially contaminate 
areas hundreds of kilometers from the source. The metals deposited in floodplains may 
remain for hundreds or thousands of years and become diffuse sources of metals if they 
are remobilized (Coulthard and Macklin, 2003).
The majority o f metals transported from mines and mills are in particulate form, 
which is subsequently stored in sediment deposits (Miller and Lechler, 2003). River 
processes are the main factor in the transport and redistribution of heavy metals on the 
earth’s surface. A river’s floodplain and terrace deposits are a long lasting and sporadic 
supply of contaminated sediments to its channel. As the floodplain is eroded, fresh 
deposits of metal laden sediments are exposed along the channel banks. As a result, 
tailings impacted floodplains become a linear source of contamination to a river system 
and metal concentration becomes difficult to predict (Miller, 1997). In most river 
systems metal concentrations in the stream water are lowest during times of high flow, 
while periods of low flow may increase concentrations by up to a factor of five. These 
trends are the result o f the dilution of a constant metal input by increased water volume, 
dilution with clean sediment, or by the introduction of less-contaminated and larger grain
sizes. The reverse, however, occurs when a river’s floodplain is highly contaminated. 
High flows will increase the load as contaminated sediments are eroded into the river 
channel (McKinnon, 2001; Nagorski et al., 2003; Salomons, 1995).
In minimally impacted rivers a decrease in metal concentration is generally 
observed with increasing distance from mining areas. In highly contaminated rivers, 
however, the floodplain acts as a linear source and metal concentrations may either 
decrease, remain the same or increase downstream of mining areas (Miller, 1997). An 
example of this can be seen in the Carson River Valley of Nevada. This area has been 
severely contaminated as the result of gold and silver mining. A large flood at the end of 
1996 and beginning of 1997 distributed tailings material throughout a large section of the 
Carson River. As a result of contamination storage within the floodplain, a downstream 
decrease in metals concentration is not seen in the streambed sediments (Miller and 
Lechler, 2003). Instead, metal concentration increase until about 62 km downstream 
from the mining area and then begin to decrease. This is the direct result of the erosion 
of contaminated sediments stored in the floodplain and their accumulation within the 
streambed as the river cuts through the polluted deposits (Miller et al., 1998).
The purpose of this thesis is to determine the distribution of mercury, arsenic, 
cadmium, copper, lead and zinc within bed sediments of Silver Bow Creek. Because 
mercury has not been previously studied within the streambed of Silver Bow Creek, an 
emphasis will be placed on this metal. The spatial distribution of these metals will be 
presented first, and reasons for the observed trends will be discussed. Temporal 
variations observed during 2003 will then be presented along with a discussion of
differences in metal concentrations or the lack thereof. Finally, the long term variation of 
metals within Silver Bow Creek will be presented and discussed.
Heavy Metals as Contaminants
The majority of the metal load in a river is transported in the particulate phase. It 
is not uncommon for 90-99% of the metal contaminant to be transported in this phase by 
either sorption onto clays, organic matter, or various oxide and hydroxide sediment 
coatings (Breuninger, 2000; Miller, 1997; Salomons and Forstner, 1984). Metals in the 
environment are present as numerous different species and they exhibit a wide range of 
coordination numbers and oxidation states. Because metals also occur naturally in the 
environment they are often essential micronutrients, and some organisms have developed 
mechanisms to deal with excess exposure to metals. Some metals such as lead and 
mercury, however, are not known to perform any useful biochemical function and pose 
serious problems even in minute concentrations (Allen, 1997).
Arsenic, copper, and mercury exist in multiple oxidation states in the 
environment, while cadmium, lead and zinc are found mainly in the divalent oxidation 
state (Adriano, 1986). Arsenic is present in the As°, As^' (Arsine), Aŝ "̂  (Arsenite), As^^ 
(Arsenate) and organic species (Adriano, 1986). Arsenate is dominant under oxic 
conditions while arsenite dominates in anoxic environments (Sprenke et al., 2000). 
Copper exists in elemental, monovalent and divalent state in aqueous systems (Adriano, 
1986). Although this element is not usually toxic to most animals, it is rather lethal to 
plants, fungi, algae and fish (OME, 2001). Mercury exists in the monovalent and 
divalent oxidation states as well as the elemental form in natural waters. It may also form
methylated species, which are highly mobile forms that become quickly bioaccumulated 
in plants and animals (Sprenke, et a l, 2000). Mercury is the primary focus of this thesis 
and will be discussed in more detail later. Cadmium and zinc are typically associated 
with each other in natural environments (Coulthard and Macklin, 2003). When in the 
dissolved form, these metals are highly mobile, although adsorption rapidly occurs as pH 
increases from 4 to 9 (Coulthard and Macklin, 2003).
The nature of the metals described above becomes important when conducting 
studies on impacted systems. Because of the variety of forms, oxidation states and 
biochemical conditions that these metals are subjected to, predicting the fate and effects 
of these metals in the environment becomes rather difficult (Allen, 1997).
As previously stated, the extraction and processing of metal ores has led to the 
contamination of river systems throughout the world (Coulthard and Macklin, 2003).
High concentrations of metals resulting from mining operations have negatively impacted 
fisheries in over 21,000 km of rivers (Downs and Stocks, 1977). The National Oceanic 
and Atmospheric Administration (NOAA) has set guidelines for heavy metals in 
freshwater sediment and surface water. These levels were determined by analyzing metal 
concentrations in studies where effects in organisms were observed and in studies where 
effects did not occur. The guidelines for sediments are given in Table 1. The Threshold 
Effects Level (TEL) represents the 15^ percentile concentration of all studies where toxic 
effects occurred, and the median concentration of all studies where no effects were 
observed. The Probable Effects Level (PEL) is the geometric mean concentration where 
50% of all the studies were adversely impacted and represents the level at which effects 
are frequently expected. The Apparent Effects Threshold (AET) is the highest
concentration found in the studies where effects were not seen. The AET represents the 
concentration above which adverse biological impacts would always be expected. For 
each individual metal, the AET represents the lowest value for which effects are always 
seen for a specific organism (NOAA, 2003). Because of their environmental impact, 
metals such as arsenic, copper, cadmium, lead, mercury and zinc become an important 
factor in aquatic health, and will be the main focus of this thesis.
An example of the negative effects these heavy metals can have on the 
environment is found in the Coeur d’Alene River system of Idaho. The Coeur d ’Alene 
mining district is one of the richest sources of Pb, Zn, Ag and Sb in the world. Mining 
began in the area around 1880 and processing techniques were not very efficient. By 
1916, efficiencies had increased, but previous metal laden sediments and current fine 
grained wastes continued to contaminate the river system with As, Cd, Pb, Hg and Zn. 
Prior to the onset o f mining, the Coeur d’Alene River reportedly thrived with fish. By 
1932, however, the river was completely lifeless, no longer supporting any fish, plankton 
or bottom fauna (Sprenke et al., 2000).
Effects such as these are also seen in the Clark Fork River o f Montana. The Clark 
Fork River originates directly downstream of the Butte-Anaconda mining district. During 
active mining in this area, more than 500 million tons of metal ore were extracted from 
sulfidic ore deposits. Like the Coeur d’Alene mining district, this region was one of the
most important metal producers in the world (Brookes and Moore, 1989). As a result of
\,
historic mining near Butte, Montana roughly 240 km of the Upper Cla^k Fork River have 
been contaminated. These elevated metal concentrations negatively affect the diversify 
and abundance of organisms in the Clark Fork River (Luoma et al., 1989). These
adverse affects have a considerable range, with aquatic biota experiencing chronic metal 
exposures up to 380 km downstream of the mining areas (Moore and Luoma, 1990). 
Widespread fish kills have been documented in the upper 20 km of the Clark Fork River 
(Moore and Luoma, 1990). Silver Bow Creek serves as the headwaters of the Clark Fork 
River, and has significantly contributed to the contamination of this system (Shay, 1997; 
Lucy, 1996). Contamination in Silver Bow County both during and after active mining 
operations may be the cause of livestock death and serious disease in the human 
population (Moore and Luoma, 1990).
Mercury Amalgamation
Mercury contamination has been acknowledged as a widespread and serious 
threat to the health o f both the ecosystem and the human population. Such contamination 
is most often associated with coal-fired power plants and incinerators, liquid effluent 
from chlor-alkali factories, or the mining o f mercury, gold, and silver (Ambers and 
Hygelund, 2001). This thesis focuses on the mining aspect of mercury contamination, 
and in particular, the use of mercury to amalgamate gold and silver ores.
The use of mercury as an amalgam can be traced back as far as 2700 B.P., when 
the Phoenicians and Carthaginians in Spain used it to extract gold and silver. By 50 
A.D., the use of mercury amalgamation had been put into widespread use by the Romans 
(Hygelund et al., 2001). For the most part, the process of amalgamation has been the 
same since the 1700s and perhaps even since the Romans first began using the technique 
(Ambers and Hygelund, 2001). The procedure is fairly simple, and first requires that the 
collected rock and soil be passed through grinding, or stamp, mills to pulverize the ore.
The resulting material is then centrifuged to produce a concentrate that will be 
amalgamated with mercury. The actual amalgamation is done either by putting the ore 
directly into ponds, drums, or pans containing mercury, or by passing the concentrate 
over mercury coated riffles or plates. The resulting gold or silver amalgam is then 
squeezed to remove excess mercury, and finally roasted to volatilize mercury from the 
desired metal (Lacerda and Salomons, 1998).
Because the amalgamation procedure has not changed much since it was first 
implemented, the use of mercury in gold and silver extraction has become a particular 
problem in mining areas worldwide (Hygelund et al., 2001). During recorded history 
there has been approximately 923,000 metric tons of mercury mined globally. Roughly 
half of this amount has-been used solely for amalgamation. In North America alone, 
between the years o f 1850 and 1900 about 61,400 metric tons of mercury were used for 
amalgamation purposes (Hylander and Meili, 2003).
In a study of over 800 mining sites within Brazil, a mercury emissions factor was 
found to be 1.0-1.7 Kg of Hg lost per Kg of gold produced (Lacerda and Salomons,
1998). In a recent study Hygelund et al. (2001) used this same emission factor was used 
for both gold and silver amalgamation. In the Brazil study, it was determined that 87% of 
the emitted mercury is lost to the atmosphere, while the remaining 13% is lost directly to 
the mine waste and tailings (Lacerda and Salomons, 1998). By applying these factors to 
the amount of mercury used as an amalgam at least 59,983 metric tons of mercury have 
been lost directly to soils worldwide. In North America, due to just 50 years of mining, 
at least 7,982 metric tons have been lost directly to the surface environment (Hygelund et 
al., 2001). In California it is estimated that a given sluice box lost about 10 to 30% of the
mercury poured into it. Thus the annual loss for a given sluice box would be on the order 
of several hundred pounds. The total amount o f mercury lost in California from the 
1860s to 1900 is estimated to be 1,400-3,600 metric tons (Alpers and Hunellach, 2000).
Mercury and Mine Tailings
Although mercury has been used for thousands of years, the extreme toxicity of 
many mercury compounds only became evident in the 1950s, after the widely publicized 
mass poisoning due to mercury contamination of Minamata Bay in Japan (Kaim and 
Schwederski, 1994). The reason that this aspect of mercury had been largely overlooked 
may lie in the properties of mercury itself. Mercury can exist in three oxidation states: 
Hg°, Hg2 ^̂  (mercurous), and Hg^^ (mercuric). Mercurous mercury, however, is rarely 
stable under ordinary environmental conditions (Keating et al., 1997). In elemental form 
mercury is a relatively unreactive heavy metal, i.e., it does not react with other 
elements/compounds under normal atmospheric conditions. It is a liquid at room 
temperature and it is rather volatile. Yet despite these characteristics, Hg® does dissolve 
to a small extent in oxygenated water (Kaim and Schwederski, 1994). Mercuric species, 
on the other hand, are subject to an array of chemical and biological reactions. Typical 
soil conditions are favorable for the formation of HgCli, Hg(0 H)2 , Hg^^, and organic ions 
such as methyl and ethyl mercury. It is these species that are most toxic in the 
environment. Of these, Hg^^, HgCh, and methyl mercury are perhaps the greatest 
concern (Keating et al., 1997).
Methyl mercury is problematic in that its environmental impact is twofold. Not 
only is it a compound that bioaccumulates in living organisms, but it also has a lower
affinity for the mineral surfaces of sediments which effectively increases the mobility and 
dispersion of mercury in the environment (Melamed et al., 1997). Methyl mercury 
(MeHg) is believed to form mainly in anoxic waters and sediments, although Morel et al. 
(1998) state that significant MeHg levels have been found in the surface of oceans and 
the Great Lakes. Because diffusion and advection from deep waters is negligible in these 
systems, the source of methyl mercury can not be from deeper, anoxic waters. The 
presence of elevated methyl mercury, therefore suggests that there may be some MeHg 
production in oxic waters (Morel et al., 1998). In order for mercury to be methylated or 
to enter the aquatic food chain, it must first pass through the lipid membrane of 
unicellular organisms. The covalently bonded nature of the uncharged HgCb complex 
gives it relatively good lipid solubility. This allows for the rapid diffusion of HgCL 
through lipid bilayer membranes and mercury is therefore efficiently taken up in aquatic 
organisms (Gutknecht and Tosteson, 1973). Because the dominant hydroxo- and chloro- 
complexes of Hg^^ are determined by chloride concentration and pH, these factors 
become important in oxic waters. Morel et al. (1998) present a phase diagram (Figure 1) 
illustrating the range of pH and chloride concentrations where HgCh dominates. In oxic 
waters of this nature, the result is that mercury becomes readily accessible to cellular 
organisms and toxicity, along with méthylation, increases (Morel et al., 1998).
Due to its chemical characteristics, mercury is believed to move through multiple 
environmental compartments, most likely changing species and form along the way. 
Therefore, the movement and distribution of mercury in any given system can only be 
described in general terms (Keating et al., 1997). This becomes apparent when 
attempting to discern mercury spéciation in mining impacted areas. Initially, mercury
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enters the system in the elemental form incorporated into mine tailings. Over time, 
factors such as temperature, Hg concentration, bacteria content, pH, soil and sediment 
type, sulfide concentration, and redox conditions will determine the fate of Hg° in the 
system (Villa Boas, 1997). Given enough time, Hg° will eventually produce more mobile 
forms of mercury due to natural chemical transformation processes in the environment 
(Hygelund et al., 2001). Most of the mercury in mining areas, however, is contained 
within the tailings deposits in elemental form. Due to its low solubility and reactivity 
under normal conditions, tailings become a large reservoir for anthropogenic mercury 
(Keating et al., 1997). As a result, tailings can remain a source of contamination even 
centuries after the cessation of mining, and their migration becomes the most important 
mechanism of mercury dispersal (Lacerda and Salomons, 1998).
The migration of tailings as a mechanism of mercury dispersal has been identified 
in several areas o f historic amalgamation mining. In northern Georgia, extensive 
amalgamation o f gold deposits occurred from 1829-1940. Due to channel bank erosion 
of tailing deposits, elevated levels o f mercury have been found up to 32Km downstream 
from the mining camps (Leigh, 1997). The same is true for the Carson City mining 
district of Nevada. Between 1859 and 1890, over 100 stamp mills were built along the 
Carson River to crush and amalgamate gold and silver ore. During this time period, an 
estimated 6,750 metric tons of Hg were lost to the surroundings (Miller et al., 1995).
Since mining started, the tailings have migrated over lOOKm to form a mercury rich fan 
that spans 1.5Km^ (Lacerda and Salomons, 1998). In Montana, historic mining in the 
Butte area left behind over 100 million metric tons of waste and contaminated 200 Km of 
the Upper Clark Fork River (Moore and Luoma, 1990; Nagorski and Moore, 1999; Shay,
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1997, Wielinga et al., 1999). Most of this material was carried downstream by large 
floods in the late 1800s and early 1900s and deposited along the floodplains o f Silver 
Bow Creek and the Clark Fork River (Nagorski and Moore, 1999).
Silver Bow Creek History
Silver Bow Creek originates in Butte, Montana at the confluence of Blacktail 
Creek and the Metro Storm Drain (Figures 2 and 3). Over 100 years of continuous 
mining activities have disrupted the area’s natural environment (Multitech, 1987). The 
first recorded disturbance of the stream occurred with the discovery of placer gold 
deposits in 1864. The gold was relatively pure, but mercury was sometimes used to 
attract small particles of gold. Although small-scale mining continued, most placer 
mining was exhausted by 1869 (MDEQ/USEPA, 1995). In the 1870s, Butte’s silver 
deposits were discovered and the ensuing silver rush revived the old gold camps 
(Multitech, 1987). Between 1879 and 1885 at least six major stamp mills were erected 
along Silver Bow Creek (SBC), and continued to operate until 1920. By 1886 five new 
mills were built, including the unusually large Bluebird mill. This mill was situated right 
next to Silver Bow Creek and utilized 90 stamps (MDEQ/USEPA, 1995). The silver era 
in Butte ended in 1893 with the repeal of the Sherman Silver Act (ARCO, 1995a).
Around the same time that placer mining began in the Butte area, hard rock 
mining started on the Butte Hill north of Silver Bow Creek. By the late 1880s copper had 
become more prominent and Butte found itself as one of the nation’s major copper 
mining areas (ARCO, 1995a). Many of the mills that were used to process silver were 
also used for copper, as well as at several newly erected mills. Five new smelters were
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located along Silver Bow Creek, all of which discharged their wastes adjacent to or 
directly into creek. The smelters along the creek continued to operate until 1910, after 
which the ore mined in Butte was transported to the Washoe Smelter in Anaconda 
(MDEQ/USEPA, 1995). By 1917,150 mines were located in the Butte area and the 
water pumped from them contributed to the contamination of Silver Bow Creek. In 1955 
the Berkely Pit was opened and the large-scale mining of low-grade copper ore 
commenced. In 1977 the Atlantic Richfield Company (ARCO) bought the assets of the 
Anaconda Copper Mining Company (AMC). In 1982 ARCO closed the Berkely Pit, and 
in 1983 they closed the East Berkely Pit. All of the activities associated with copper 
mining in Butte greatly contributed to the contamination of Silver Bow Creek (ARCO, 
1995a).
The majority o f the silver and gold ore in the area was of the free milling variety, 
and was reduced in stamp mills. A stamp mill uses steam power to pulverize the ore to 
the consistency of sand, and then mercury is added to form a paste-like amalgam. The 
resulting gold or silver amalgam is then heated to volatilize mercury and leave behind the 
desired metal. As might be expected, these mills produced large quantities of waste and 
tailings material. These materials were disposed of either adjacent to or directly into 
Silver Bow Creek (ARCO, 1995a). The mining facilities did not anticipate the impact 
that floods and storms would eventually have on environmental degradation when 
depositing their wastes.
In 1892 and 1894, major storm events created floods that began massive transport 
o f mine wastes and their distribution onto the floodplain. In June of 1908, the largest 
recorded flood event in Silver Bow Creek basin history occurred (ARCO, 1995a,
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MDEQ/USEPA, 1995). This flood transported mine tailings and waste throughout the 
floodplain of Silver Bow Creek. Following this event, a series of major storm events in 
the 1900s continued to transport tailings downstream (MDEQ/USEPA, 1995). This 
created a complex, fluvially deposited, heterogeneous floodplain consisting of tailings, 
silts, clays, fine to coarse-grained sands, and gravels mixed with layers high in organic 
content (Benner et al., 1995; Lucy, 1996; Shay, 1997; Wielinga et al., 1999). It is 
estimated that there are 2 .3-2 . 8  million cubic yards o f tailings material distributed 
throughout the Silver Bow Creek floodplain. The majority of the tailings, about 1.2 
million cubic yards, are located just downstream of Durant Canyon in the Upper Deer 
Lodge Valley. The largest single deposit of tailings is located in Ramsay Flats, a 160 
acre deposit containing 500,000 cubic yards of waste material (ARCO, 1995a).
Serving as the headwaters to the Clark Fork River (CFR), Silver Bow Creek is 
part o f a Superfund complex that is the largest US EPA Superfund site in the United 
States (Wielinga et al., 1999). The Clark Fork River Superfund site consists of four 
separate National Priorities List (NPL) sites, which are shown in Figure 4. These include 
the Silver Bow Creek/Butte Area NPL, Montana Pole NPL, Anaconda Smelter NPL, and 
the Milltown Reservoir NPL. These four sites include areas in and adjacent to Butte and 
Anaconda, while extending along Silver Bow Creek and the Clark Fork River to just 
upstream of Missoula (ARCO, 1995a). Silver Bow Creek lies within the Silver Bow 
Creek/Butte Area NPL site, which consists of five individual operable units. These units 
are the Mine Flooding, Butte Priority Soils, Rocker Timber Framing and Treatment Plant, 
Stream Side Tailings (SST), and Warm Springs Ponds Operable units. The SST 
Operable Unit (OU) encompasses Silver Bow Creek and its impacted floodplain (ARCO,
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1991). All of the other operable units, with the exception of the Warm Springs ponds, are 
either upstream of or adjacent to Silver Bow Creek and may contribute to the 
contamination of the SST OU. The Stream Side Tailings Operable Unit was subdivided 
into four areas based on geologic and geomorphic features (Figure 2). Subarea 1 extends 
from the west end o f Lower Area One of the Butte Priority Soils NPL to roughly 1000ft 
upstream of where Silver Bow Creek and Sand Creek join. This encompasses a 5.2 mile 
stretch of Silver Bow Creek (MDEQ/USEPA, 1995). Placer mining was prevalent along 
this reach. Seven major placers mined this area, with three of them disturbing -30%  of 
the stream channel. About 12-15% of the SST OU’s total tailings are located in Subarea 
1 (ARCO, 1995a). Subarea 2 extends from the boundary of Subarea one to -700ft 
downstream of Miles Crossing, covering 5.6 miles of Silver Bow Creek. Of major 
importance is that Ramsay Flats is located within this subarea. Ramsay Flats is the 
largest single deposit of tailings along Silver Bow Creek, encompassing -160 acres. The 
flats contain tailings with the highest concentrations of metal contaminants throughout 
the SST OU (MDEQ/USEPA, 1995). The subarea contains -33%  of the OU’s tailings, 
and at one time hosted five placers associated with the Gassert mining operation (ARCO, 
1995a). Subarea 3 extends from Subarea 2, through Durant Canyon to the Fairmont 
Bridge near the Fairmont Resort. The area covers 5.0 miles o f Silver Bow Creek and 
holds -7%  of the OU’s tailings (MDEQ/USEPA, 1995). The major placer operations in 
this area were the Warren and Miles placer claims, which covered -3  miles of Silver Bow 
Creek, from just upstream of Miles Crossing to the confluence with German Gulch 
(ARCO, 1995a). Subarea 4 covers 6 . 8  miles of SBC fi*om subarea 3 to the 1-90 Bridge 
just south of the Warm Springs Ponds (MDEQ/USEPA, 1995). The majority of this
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reach has been placer mined, with the most prevalent area being located between the 
Fairmont Bridge and Stuart. In this area Silver Bow Creek flows along a straight channel 
that is confined by berms of placer tailings (ARGO, 1995a). A map of Silver Bow Creek, 
divided into its subareas is shown in Figure 2 (Maxim Tech, 2003),
Silver Bow Creek has been the focus of remediation efforts since 1984. Active 
reconstruction of the creek began in 1999 as part of a remedial action initiated by the 
Montana Department of Environmental Quality (MDEQ), This project encompasses 26 
miles o f Silver Bow Creek and involves the removal of tailings and contaminated soils 
from the floodplain. These soils are then transported to a repository while clean materials 
are used to reconstruct the stream channel and its floodplain. The first 5,2 miles of the 
creek were remediated by the end of 2003, The next stage of restoration is set to begin 
shortly, and will involve the construction of up to 30 acres of shallow wetlands each 
roughly 1.5 acres in size within the floodplain (Maxim Tech, 2003),
In their book on remedial options. Smith et al, (1995) classify the remediation 
technique being used at Silver Bow Creek as “excavation and offsite disposal,” The 
authors claim that this type of remedial effort is effective because a permitted landfill is 
the safest location for waste disposal. Because the waste is being removed and isolated 
the long term effectiveness is excellent, although there is no actual treatment or removal 
of the contaminants from the waste materials. The authors, however, provide some 
cautions to be considered when remediating metals-contaminated sites. One 
characteristic to be aware of is the wide variations in natural soil properties and 
contaminant levels that may be encountered at a site. The authors state that this 
characteristic can not be overemphasized, and that the process selected to remediate
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contaminant soils must consider these wide variations. This point is stressed even further 
in saying that those involved with restoring a contaminated site must use “personnel, 
resources and facilities to enable complete and efficient characterization, sampling and 
analysis o f site contamination” (Smith et al., 1995).
The remediation efforts being conducted at Silver Bow Creek are directed at 
returning the area to a closer semblance of the natural conditions that existed before the 
release of hazardous substances (NRDC, 2003; MDEQ/NRDC, 2004). The major goals 
are to restore the aquatic, riparian and upland ecosystems of Silver Bow Creek. Upon the 
completion of remedial efforts, the stream is expected to experience improved water 
quality, biological diversity and vegetation (NRDC, 2003). It has been suggested that 
Silver Bow Creek will become “good trout habitat” following the completion of 
restoration actions (DEQ/NRDC, 2004).
Study Site
In April o f 2003, this study was begun to determine the distribution of mercury 
and other metals within the streambed sediments of Silver Bow Creek. The study area 
covers roughly 26miles, from just downstream of the Butte Metro Sewage Treatment 
Plant to the inlet of Warm Springs Ponds. The area is completely within the Stream Side 
Tailings Operable Unit of the Silver Bow Creek/Butte Area NPL site. Eight sample sites 
are located along this stretch, and are shown in Figure 3. GPS locations are given in the 
sample site location appendix. Sample sites SB 16 and SB 15 are both located in a part of 
Subarea 1 that was remediated prior to sampling in 2003. Sample sites SB06, SB04 and
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SB07 are located in Subarea 2. SB04 is within the Ramsay Flats tailings deposit. The 
only sample site in Subarea 3 is SB 17, while SB 12 and SBOl are within Subarea 4.
The study area has a semi-arid, continental climate with short, cool, dry summers 
and cold winters, although the higher elevations experience colder temperatures and 
heavier precipitation (ARCO, 1995a). The average annual precipitation for the period of 
1961-1990 was 12.1 inches. May and June tend to be the wettest months and they 
usually receive about 33% of the precipitation. Peak seasonal stream flows are typically 
recorded in these same months (Smart, 1995). Peak stream flows have been witnessed 
earlier in the year during short, periodic rainfall and snowmelt events (ARCO, 1995a). 
The average stream flow for the past fourteen years at the inlet to Silver Bow Creek 
(Blacktail Cr.) is 12.7 cfs, while the average low and high flows 8.5 and 26 cfs, 
respectively (USGS, 2004a). The average stream flow at the inlet to the Warm Spring 
Ponds for the past eighteen years is 117.5 cfs, while average low and high flows are 65 
and 350 cfs, respectively (USGS, 2004b). Daily precipitation values for Butte, Montana 
through September 17, 2003 are given in Figure 5, and a hydro graph for SBC at its most 
upstream reach during 2003 is shown in Figure 6 .
Methods
Fine-grained bed sediment samples were collected at Silver Bow Creek on April
12, June 6 , July 15, September 1 and October 26 of 2003. Three samples, separated by
between 1 0  to 2 0 m, were collected at each of the eight sites located in the study area.
Sediments were obtained by scooping up the top l-3cm of streambed with a plastic
spoon. The sample was then placed in a plastic funnel and sieved through a 63 pm mesh
screen. The resulting <63 pm sediment grains and stream water were collected in a
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250mL plastic bottle. It is widely accepted that as particle size decreases, specific surface 
area increases (Elder, 1988; Horowitz, 1985; Horowitz and Elrick, 1987). Surface area 
becomes important because many of the processes that drive sediment-trace element 
interactions are surface reactions. Because surface area is directly related to grain size, 
variations in sample grain size are the most common cause for observed spatial and 
temporal variability in concentrations (Horowitz and Elrick, 1987). If a sample is taken 
of non-uniform grain sizes, concentration differences may reflect varying proportions of 
fine-grained sediment rather than variable metal loading (Elder, 1988). The <63(Jm 
fraction (mud) is useful because it represents a natural break in particle size definitions, 
sand versus silt. The use of this fraction in sampling techniques allows for reliable inter­
sample comparisons o f a given study or studies (Horowitz and Elrick, 1987).
After collection at each site the sample bottles were stored on ice until transported 
back to laboratory. All of the sampling apparatus used to collect stream bed sediments 
were acid washed prior to leaving the laboratory. The acid-wash procedure consists of 
washing all material with soap and water, followed by a thorough rinse with tap water. 
The sampling apparatus is then rinsed three times with deionized water and placed in a 
50% HCl bath for at least one hour. After this, the sampling apparatus is rinsed three 
times with deionized water and once with milli-Q water. The plastic spoon, funnel and 
mesh screen are then dried and stored in a plastic bag. The 250mL bottles are filled with 
milli-Q water and stored on a shelf until taken into the field.
Upon returning to the laboratory the sediments were centrifuged, decanted of 
water and placed in an oven at 60° C until dry. Once dry, the sediments were crushed 
using an acid-washed glass rod and 0.5000 ±0.0005g portions were set aside for
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digestion. The digestion procedure follows EPA Method 3050b and involves heating at 
95° C while adding trace metal grade HNO3 , 30%H2O2, and HCl. After 18 hours, the 
samples are filtered with a 2.0pm Teflon® faced Fiber Filter and stored in a 60mL acid 
washed bottle. To prevent the loss of mercury due to sorption onto the bottle surface, the 
samples are immediately analyzed for mercury using EPA Method 245.7 on a Leeman 
Labs, Inc. AF Automated Mercury Analysis System. Analysis for As, Cd, Cu, Pb and Zn 
were completed on a Thermo Jarrell Ash ICAPES using EPA Method 200.7.
Quality Control: Mercury AFS
All of the digestion and analysis procedures discussed above used quality control 
measures to determine their reliability. The method detection limit (MDL) for Hg was 
0.05ppb, which translates into 0.5ppm Hg in sediment after dilutions. A summary of the 
QC data is provided in Table 2.
Table 2 shows that all QC measures passed the required criteria with the 
exception of both the Internal Performance Check (IPC) and the Analytical Spike 
(LSpike). QC measures that passed the required criteria included all of the digestion 
procedure methods, as well as the analytical duplicates and calibration checks. These 
measures show that the accuracy is within 2 0 %, while the precision is within 1 0 % of the 
actual values. The failed QC measures are most likely the result of the solution matrix. 
These two measures were prepared in the laboratory, and consisted of a 0.1 ppb Hg 
solution in 1% HCl. In contrast, the digested sediment solutions consisted of dissolved 
sediment materials and metals, HNO3 and H2 O2  as well as a higher percentage of HCL. 
All of the QC measures consisting of the same matrix as the digested sediment passed the
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criteria. Because o f this the failed QC measures are considered to be the result of the 
lower ionic strength in the laboratory matrix and the consequent adsorption of mercury 
onto sample vessels. The mercury concentrations found in this study therefore represent 
accurate and precise values.
Quality Control: ICP
Quality control measures were used to determine the reliability of the digestion 
and analysis procedures. The method detection limits for arsenic, cadmium, copper, lead 
and zinc are shown in Table 3. A summary of the QC data is given in Table 4.
The QC measures show that the analysis for copper, lead and zinc provided an 
accurate and precise representation of sediment concentration. As can be seen in Table 4, 
all of the QC measures lie within the required criteria ranges, with the exception of the 
arsenic and cadmium sediment standards and one cadmium analytical duplicate. Copper 
values are shown to be 80% accurate, with 5% precision. Lead and zinc are 90% 
accurate, and precise to 5%. Arsenic and zinc show good precision with -5% , but exhibit 
accuracies of 50% and 35%, respectively. The low recoveries of the As and Cd sediment 
standards can be explained by the low concentrations in the sediment standards compared 
to the PQLs for As and Cd, o f 0.025 mg/L and 0.004 mg/L, respectively. The 
concentrations following the digestion procedure o f As and Cd in the sediment standards 
were 0.0468 mg/L and 0.0069 mg/L, respectively. These values are very near the PQLs 
so it is likely the poor recovery on the standards was due to their very low concentrations. 
In retrospect, sediment standards with concentrations nearer the sample values should 
have been used. The failure of the single Cd analytical duplicate cannot be explained, as
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the original sample concentration and duplicate concentration were 0.008 mg/L and 
0.031 mg/L, respectively. Because this was an isolated event out of a large data set, 
however, it does not affect the quality of the data.
Results and Discussion 
Background Concentrations
It is essential to establish natural levels of heavy metals when attempting to
determine the extent o f contamination in a river system (Forstner and Wittman, 1981).
At Silver Bow Creek, however, the determination of background concentrations becomes
difficult due to the widespread distribution of mining operations and waste deposits
associated with the mines and smelters of the area. The numerous smelters of the Butte
Mining District, including at least five directly along Silver Bow Creek, have contributed
to the contamination of the area. Air fall from just the Washoe smelter in Anaconda
extends for a radius o f 20 miles, and possibly more (Essig and Moore, 1992). This report
uses background concentrations for the Clark Fork Basin as reported by Essig and Moore
(1992), shown in Table 2. Mercury contamination has received little attention in the
Clark Fork Basin and its background concentration was not provided in their report.
Background concentrations for Silver Bow Creek were initially taken from
MDEQ/USEPA (1995), and are shown in Table 3. These values were determined by
sampling sediment in tributaries outside of the Silver Bow Creek Floodplain (ARCO,
1995a). Upon comparison to the average abundance of these metals in selected earth
materials (Table 4), however, it became apparent that these levels were likely too high to
be considered as “background”. Because of the widespread mining and smelting activity
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in this area, it is highly likely that sediments located outside of the floodplain but still in 
the vicinity of the Butte District smelters were effected by airfall contamination, and do 
not represent natural levels. Natural background levels for mercury are considered to be 
0. Img/Kg. This value is chosen as a conservative value based on the average abundances 
found in Table 4. At Clear Creek in Northern California, mercury has also been used in 
the historic mining of gold and silver. The background levels found in that area are 
typically less than 0.04 mg/Kg (Moore, 2002), indicating that the value chosen for this 
study may still represent a higher estimate. Both sets of background levels, however, are 
lower than the AET values provided by NOAA and given in Table 1. As previously 
mentioned (see “Heavy Metals as Contaminants” section), the AET represents a 
concentration above which one would always find adverse impacts on organisms 
(NOAA, 2003). These values represent conservative levels compared to the background 
concentrations reported above because they are all higher than background estimates, and 
will be used throughout the rest of this thesis to determine the level o f contamination.
In their Draft Remedial Report, ARCO (1995b) provides metal another measure 
of “background” for the Silver Bow Creek soils. They defined two types of soils, 
“Tailings/Impacted soils” and “Non-Impacted soils”. The distinguishing parameter for 
Non-Impacted soil was the depth at which metal concentrations were observed to 
decrease by an order of magnitude from those above. These concentrations are known as 
the threshold limit (ARCO, 1995a; Maxim Tech. et al., 1999). The threshold limits for 
arsenic, cadmium, copper, lead, mercury and zinc as reported by DEQ/EPA (2004) are 
shown in Table 5. Below the depth where these threshold values were first found, all 
soils were considered to not have been impacted by the tailings material (ARCO, 1995a;
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Maxim Tech. et al., 1999). Yet metal concentrations within the Non-Impacted unit 
sometimes exceed those in the Tailings/Impacted unit by one or two orders of magnitude. 
These values are also considerably higher than the background values determined by 
stream sediment sampling, regional background and NOAA AET values (cite the proper 
tables for all this). Because the threshold values are used as cleanup goals/criteria, soils 
containing elevated concentrations of metals may be left behind following remedial 
actions.
The floodplain of Silver Bow Creek is stratigraphically and geochemically 
complex, with considerable spatial variability due to its flood history, 
sediment/contaminant supply and stream processes such as erosion, aggradation, 
meandering and deposition (Lucy, 1996; Shay, 1997). Due to these processes the tailings 
deposits on the floodplain are of varying thickness and metal concentration. Shay (1997) 
identified five distinct stratigraphie units within the floodplain at Miles Crossing (SB07). 
The uppermost unit contains high concentrations of readily soluble metals. The second 
unit contains lower metal concentrations due to dilution with cleaner sediment and 
leaching of metals downward. In the original floodplain units metal concentrations are 
comparable to the levels found in the first unit (Shay, 1997). This is likely due to the 
oxidation of metals within the vadose zone and the release of metals and sulfuric acid as 
water recharged from precipitation leaches downward. The metals are then accumulated 
in groundwater within the original floodplain units (Lucy, 1996, Shay, 1997).
The complex nature of the floodplain at Silver Bow Creek makes it unlikely that 
the threshold limits used by ARCO (1995a) and Maxim Tech et al. (1999) provide an 
accurate representation of the depth of impacted sediment. This becomes important when
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attempting to determine the extent of floodplain sources contributing to the 
contamination o f Silver Bow Creek. Therefore, to more accurately describe the 
concentration of metals within the floodplain, data from both the Tailing/Impacted soils 
and the Non-Impacted soils were used if values were above the background levels 
reported by MDEQ/USEPA (1995). This data was used to calculate various descriptive 
statistics to compare concentrations in the floodplain with those in the channel sediment.
Spatial Distribution of Metals
Box plots were constructed in order to determine the spatial distribution of Hg,
As, Cd, Cu, Pb and Zn, all of the 2003 data amongst sample sites .. Figures 7-12 show 
the box plots for each contaminant of concern. These contaminants can be broken down 
into two distinct groups exhibiting somewhat different spatial trends. Group 1 consists of 
mercury, arsenic, copper and lead. Group 2 includes cadmium and zinc.
The contaminants in Group 1 typically have less variation at each individual 
sample site. The exceptions to this are samples taken at SB04 (Ramsay Flats) and copper 
concentrations, which tend to show more variation. The spatial trend found for these 
metals is generally straightforward. Median concentrations are the lowest at sites SB 16 
and SB 15. Downstream of SB 15 there appears to be an increase in median concentration 
until Ramsay Flats. The highest concentrations are found within Ramsay Flats and from 
this site concentration decreases downstream. Variation in concentration at each site 
follows the same trend as the concentrations, with the largest amount of variability 
occurring at Ramsay Flats where the highest concentrations are found.
The contaminants in Group 2 are cadmium and zinc. For these two metals there is
much more variation in concentration at each individual site. The spatial trend is also not
as clear cut as the trend for Group 1. Although median concentrations are still lower than
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downstream sites at SB 15, this is not true for SB 16. For zinc, SB 16 has median and third 
quartile concentrations that are greater than SB06. For cadmium SB 16 has 
concentrations quite similar to all other downstream sites, with only its first quartile 
falling out of the range of those sites. As with Group 1, there appears to be an increase in 
median concentration downstream of SB 15 until Ramsay Flats. Unlike Group 1, 
however, there is no systematic decrease in concentration downstream of Ramsay Flats. 
Instead there appears to be an increase in both median concentration and variation within 
each site downstream of SB04 until SB 12, where a downstream decrease in median 
concentration is seen again.
Due to the highly contaminated nature of the floodplain material it seems logical 
that a floodplain source of metals is creating the spatial trends found in this study. 
Another set of side-by-side box plots were constructed to determine the role that tailings 
have on sediment concentrations, (Figures 13-18). These figures consist of box plots that 
show the spatial variability o f concentrations in both stream bed sediments and their 
adjacent floodplain material. Figures 13-18 show that bed sediment median 
concentrations are found to follow the same trends as floodplain median concentrations 
for metals in Group 1. This indicates that the streambed sediment concentrations for 
Group 1 are controlled by concentrations in the adjacent floodplain material. For the 
Group 2 metals, however, this trend is only seen upstream of Ramsay Flats. Downstream 
of SB04, the floodplain median concentrations decrease along the same trend, but the bed 
sediments do not. This indicates that there is some other control that determines the 
spatial distribution of cadmium and zinc in Silver Bow Creek.
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The most important spatial trends found in these data are exhibited at the 
remediated sites (Tables 6-11 and Figures 7-12). The concentrations o f contaminants at 
SB 16 and SB 15 tend to exhibit some overlap with the concentrations in downstream 
sites, and are magnified in the Group 2 metals. This indicates that there may not have 
been a significant change in concentration after remediation. The bed sediment 
concentrations in the remediated area are about the same as the pre-remediated tailings 
concentrations. More importantly, when comparing the concentrations in Tables 6-11 to 
the NOAA sediment guidelines in Table 1, metal concentrations within the remediated 
portion o f Silver Bow Creek are well above the AETs. In fact, metal concentrations 
within all Subareas o f Silver Bow Creek remain significantly elevated over the TEL,
PEL, and AET guidelines set by NOAA. The fact that these concentrations still exist in 
the remediated portion may affect the success of remediation efforts. If these same trends 
are observed in all o f the Subareas following remediation, then metal contamination will 
remain a problem at Silver Bow Creek.
Short Term Temporal Variability
The average concentrations of each metal throughout the year of 2003 are given 
in Tables 6-11. Figures 19-24 provide bar charts of the individual metal concentrations at 
each site. These figures represent the actual concentrations found during each sampling 
period. The bar represents the median value while the error bars represent the high and 
low concentrations found at each site during sampling, therefore encompassing all the 
spatial variability found at a site during one sampling time. As with the spatial 
distribution, the short-term variability can also be broken down into Groups 1 and 2 .
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In general, there is not a significant difference in metal concentrations throughout 
the year, although some variation does exist. As previously mentioned concentrations of 
Group 1 metals are the lowest within the remediated portion of Silver Bow Creek, and do 
not significantly change over the 7 months of sampling. Any changes in concentration 
through time fall within the spatial variability. This indicates that the concentrations did 
not significantly change throughout the year. Although minor variations were observed, 
metal concentrations, with the exception of lead at SB 16, remained elevated over the 
AET value throughout the year. Upstream of Miles Crossing (SB07) the Group 1 
concentrations are typically the same in April, September and October, and are higher 
than the June and July sample sets. Downstream of Miles Crossing, the April sample set 
shows higher concentrations than the other months. The exception to this is found in 
copper concentrations, where the September and October sample set tend to exhibit 
higher concentrations than the other months downstream of Miles Crossing.
The Group 2 metals show a temporal variability unique from the Group 1 metals. 
Sites within the remediated portion tend to be more susceptible to seasonal changes. 
Although SB 15 tends to have the lowest concentrations for each sampling period, SB 16 
exhibits a considerable overlap with downstream concentration. For cadmium the 
temporal variability creates a concentration range within these sites that is significantly 
elevated over downstream concentrations at certain sites. Although the concentrations 
overlap at sites upstream of Ramsay Flats for all sampling periods, this is not true 
downstream of SB04. In this area of Silver Bow Creek, the highest concentrations are 
found in September and October. Because Silver Bow Creek is continually moving 
sediment downstream, metal concentrations within the stream bed will change through
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time. During high flows, more sediment is eroded from stream banks and in areas with 
contaminated floodplains this adds increased metal loads to the stream bed. During this 
study period, the peak discharge of Silver Bow Creek occurred in March (Figure 6 ). 
Another process that adds increased metal loads to Silver Bow Creek is rainfall events 
that follow a period of minimal precipitation. At highly contaminated areas, such as 
SBC, metal salts can form on the ground surface during dry periods (ARCO, 1995a, 
Shay, 1997). Surface runoff related to precipitation events will dissolve these salts and 
introduce metals into the aquatic system. Heavy rainfall also erodes sediment from the 
floodplain surface and transports it to the stream. These mechanisms of introducing 
metals into a stream have been observed to drastically reduce the quality of stream water 
at SBC within a very short period of time (ARCO, 1995a).
ARCO continually monitors the metal concentrations entering the Warm Springs 
Ponds. The metals data are recorded as Total Recoverable (TR) and reported along with 
other data including Total Suspended Sediment (TSS) and stream discharge entering 
Pond 3 (ARCO, 2003a; ARCO, 2003b:, ARCO, 2004). These three components of 
ARCO’s monitoring reports were plotted in order to explore the controls on temporal 
variability (Figures 25-30). For each metal there are three distinct spikes in total 
recoverable concentrations. There are also three major spikes observed for both total 
suspended sediment and flow rate. The highest peak for flow rate is the second one, but 
the highest flow rate occurred on March 13 (268.2 cfs) and is not shown in this graph. 
The reason for this is that no data for metals or TSS were taken on this day. When 
comparing the spikes seen in these three components to Figures 5 and 6 , there also 
appears to be a correlation to the Blacktail Creek hydrograph and the Butte precipitation
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record. Based on this it seems that the temporal variations in concentration and the 
transport of metals within Silver Bow Creek is dependent on precipitation and stream 
flow.
As seen in Figures 19-24, metal concentrations tend to be higher in April than 
they are in June. This indicates that the high flow event in March created a large input of 
contaminated sediment that was subsequently deposited during the falling limb of the 
event. As seen in Figure 5, stream flow in June was higher than the other months due to 
spring runoff. The higher flows tend to keep more sediment in suspension (TR metals), 
thus creating the observed lower bed sediment concentrations during June. Figures 19-24 
seem to show an increase in concentration at some sample sites following the June 
sample period. This most likely represents an increased sedimentation rate as flow 
decreased, resulting in fresh deposits of contaminated sediment.
The unique trend seen in the Group 2 metals downstream of Ramsay Flats for the 
months of September and October may explain the spatial trend that set them apart from 
the Group 1 metals. The Group 1 metals decreased downstream of Ramsay Flats, while 
Cd and Zn did not. During April and June, however, Cd and Zn concentrations did 
decrease downstream. In July this trend begins to flatten out, and in September and 
October an increasing trend is observed. As mentioned earlier, these two metals are 
strongly correlated with each other in natural environments. They are also highly mobile 
in dissolved form (Coulthard and Macklin, 2003). Shay (1997) and Lucy (1996) found 
that the metals within the upper most floodplain o f Silver Bow Creek are readily soluble. 
The downstream migration of increased cadmium and zinc concentrations most likely 
reflects their high mobility in such a system. ARCO (1995a) states that Subarea 4,
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including SB 12, has a higher percentage of carbonates in native materials. Cadmium and 
zinc are known to rapidly adsorb when pH increases over the small range of 4 to 9 
(Coulthard and Macklin, 2003). The higher concentrations at SB 12 may, therefore, 
represent the re-adsorption of these two metals as stream pH increases.
Long Term Temporal Variability
In order to determine the changes in concentration on a decade scale, comparisons 
to three other sample years were made (Figures 31-36). Previous samples taken in 1991, 
1998 and 2002 at Silver Bow Creek included only one sampling period and therefore 
only provide a description o f the concentrations in Silver Bow Creek at that time.
Because there were five sampling periods in this study, the concentrations found 
represent a better description o f the variability in metal concentrations for the year of 
2003. The 1991 and 1998 samples typically only included one sample per site, although 
some did have duplicates. Because of this, concentrations found for those years represent 
only that sample. To represent the variability of the 1991 and 1998 data, the percent 
differences for duplicate samples were used. The largest amount of variability found for 
each metal was then applied to each sample site as error bars around the measured value. 
The 2002 data consists of only 3 samples per site; the bar on the plots represents the 
median concentration while the error bars represent high and low values. The 2003 data 
encompasses several moths of data; the bar represents the mean value of all the data 
while the error bars represent plus and minus two standard deviations around that mean 
value. In summary, the error bars on the 2003 data represents the entire variability over 
several months, while the 1991, 1998 and 2002 data represent the spatial variability at
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one sampling site during a sampling event. Average metal concentrations for each year 
are shown in Tables 12-17.
Unfortunately, there are no data for the remediated portion of Silver Bow Creek in 
the 1991 and 1998 sample sets, because samples were not taken in these reaches during 
those years. There were also no mercury data collected for 2002, and so there is no 
mercury data for SB 16 and SB 15 other than from 2003. Because of this, an assessment of 
any specific difference in mercury concentration within the remediated portion of Silver 
Bow Creek cannot be made. Yet the 2003 metal concentrations at SB 16 and SB 15 
remain above the AET, contrary to what would be expected in the years following 
remedial actions. In fact, metal concentrations at these sites don’t appear to have 
changed at all between 2002 and 2003. This seems to indicate that there is a continuing 
source of contamination to Silver Bow Creek.
Data for the un-remediated portion of Silver Bow Creek is more complete, and 
provides a better description of the long-term temporal changes. Figures 31-36 show that 
there has not been a significant change in metal concentration since 1991. Due to the 
large variability in the 2003 data, it seems likely that multiple samples and sampling 
dates in the previous three years would have created data with an even greater overlap of 
values. Upon considering this, it becomes apparent that metal concentrations within 
Silver Bow Creek have not decreased in the past twelve years, as would be expected upon 
dilution with “cleaner sediment” from the upstream remediated sites. This suggests that 
the local source of tailings to Silver Bow Creek is overwhelming any reduced 
concentrations from upstream.
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Conclusions
This study found that there is a direct link between metal concentration found in 
the floodplain and those found in the streambed sediments. Because of this, remediation 
efforts that remove contaminated floodplain materials should reduce the metal 
concentrations to values below the NOAA AET guidelines. The spatial distribution of 
metal concentrations found during 2003, however, shows that levels of heavy metals 
remain elevated over the AET values, even in the remediated portion of the stream where 
the tailings have been removed. Although the remediated section of Silver Bow Creek 
exhibits the lowest metal concentrations of all the sites sampled, contamination remains a 
concern. Average mercury concentrations within the restored portion of Silver Bow 
Creek are 1. 6  ppm, a value roughly 2.5 times the AET guideline of 0.410 ppm. All of the 
other heavy metals also have average concentrations above their respective AET values 
within the remediated portion of Silver Bow Creek. With the exception of lead, which is 
just above its AET value, all of the metals are at least 2 times their respective AET 
guideline. Other than mercury, cadmium and zinc pose significant threats to the 
ecosystem, with average concentration 3.5 and 7 times their AET value, respectively.
This study also found that there is no significant change in metal concentrations 
as the result o f short-term temporal variation. With the exception of lead, all of the 
contaminants of concern remain elevated over their respective AET values (Table 1) 
during the several months o f sampling. Although concentrations for lead at SB 15 fell 
below the AET, the high values in July and September were still o f concern. As with the 
short-term variability, long-term changes in metal concentrations for each site were not 
significant. When considering the overlap of the more robust short-term variations
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represented by the 2003 data with the spatial variation per sample site o f the other three 
years, metal concentrations in Silver Bow Creek have not measurably changed in the past 
twelve years. The fact that there have been no short or long-term changes in metal 
concentrations seems to indicate that initial remediation efforts are not substantially 
affecting metals loads to Silver Bow Creek. Because the AET value represents a 
concentration above which adverse affects are expected to occur, heavy metals will likely 
continue to have a negative impact on the aquatic ecosystem of Silver Bow Creek.
Although bed sediment metal concentrations are apparently controlled by 
concentrations within the floodplain, concentrations still remain elevated at sites SB 16 
and SB 15 where the floodplain material has been removed. This raises questions about 
the source o f contamination that remains within the remediated portion of the streambed. 
The threshold limit method of tailings removal does not consider the high metal 
concentrations that exist deep within the floodplain (Shay, 1997). As new materials are 
brought into the floodplain and mixed with the contaminated material left behind, 
concentration levels within the floodplain may still contribute to the elevated levels 
currently found in the streambed. Sampling of the floodplain can determine the validity 
of this as a continual source of contamination to the creek. Another possible source of 
the elevated metal concentrations within the remediated reach of Silver Bow Creek is 
groundwater originating from Butte, Montana. Due to the widespread mining activity in 
the Butte area, the groundwater tends to be acidic with high concentrations of dissolved 
metals. The groundwater in Butte flows downstream along Silver Bow Creek and in the 
upper portion of the remediated reach, Silver Bow Creek is a gaining stream (ARCO 
1995a; MDEQ/USEPA, 1995). At Miles Crossing (SB07), surface water-groundwater
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interactions also occur. In areas where the stream is down-gradient of the groundwater 
flow path, groundwater is discharged into Silver Bow Creek. In the opposite bank, 
surface water from the creek recharges the groundwater (Smart, 1995). Nagorski and 
Moore (1999) found that as the acidic, metal-rich groundwater entered the hyporheic 
zone, the change to a more neutral pH caused the precipitation of Fe-oxyhydroxides and 
the subsequent adsorption o f metals to their surfaces. This same chemical phenomenon 
may be the cause of the elevated metal concentrations within the remediated portion of 
Silver Bow Creek. A study of the surface water-groundwater interaction may determine 
if this is the cause of the persisting contamination. A third possible source of persistent 
contamination is runoff from Butte, Montana via the Butte Metro Storm Drain. Water 
quality data from the confluence of the storm drain and Blacktail Creek was taken from 
the USGS web page for the years 2000-2002. Unfiltered concentrations in jjg/L were 
taken to represent metal concentrations that would originate from runoff. Concentration 
ranges for As, Cd, Cu and Pb are 0.2-2.0 |Jg/L, 14-76 |Jg/L, 10-117 pg/L and 21-534 
pg/L, respectively. Zinc concentrations were only available as filtered water values, and 
ranged from 71-92 pg/L (USGS, 2004c). There was no available data for mercury.
If the cause of the elevated concentrations in the remediated portion of Silver 
Bow Creek is the remaining floodplain material, adverse impacts will continue to occur 
along the creek. Because the streambed sediment concentrations are controlled by the 
floodplain concentrations, these effects may be seen in all of the downstream reaches of 
Silver Bow Creek following remediation. This becomes a major concern for mercury 
méthylation in the proposed wetlands of Ramsay Flats. In such a system mercury is 
acknowledged to be readily methylated and poses a significant threat to aquatic species
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and organisms that use them as a food source (Adriano, 1986; Miller et al., 1998; Morel 
et al., 1998; Salomons, 1995; Sprenke et al., 2000). Ramsay Flats is the largest single 
deposit of tailings material along Silver Bow Creek (ARCO, 1995a). Because of this and 
the fact that the highest concentrations of metals are found at Ramsay Flats, it is critical 
to determine the mercury concentrations following remediation. If the remediated reach is 
typical of the post-remediation values, ( 1 . 6  ppm average, and up to 2 . 2 1  ppm) this may 
leave a large source o f mercury for méthylation in floodplain wetlands.
In conclusion, to prevent continued metal contamination within the aquatic and 
riparian ecosystems of Silver Bow Creek, the source of persisting contamination must be 
determined to protect the huge investment being made to cleanup Silver Bow Creek. If 
the source is the remaining floodplain material, then improved methods should be 
developed to decrease metals concentrations. Any proposed wetlands should be 
abandoned until it can be demonstrated that mercury concentrations will not be a source 
for méthylation and bioaccumulation in wetland organisms. If the source is groundwater 
from either Butte or the adjacent floodplain, then that source needs to be eliminated. If 
metals originate from runoff from the contaminated lands in Butte those loads need to be 
curtailed. All efforts should be made to reduce the metal concentrations in the bed 
sediment of Silver Bow Creek to levels well below the NOAA AET. This should help the 
MTDEQ meet its goal of returning Silver Bow Creek to a functioning ecosystem and a 
good trout stream.
36
References:
Adriano, D C. 1986. Trace elements in the terrestrial environment. Springer-Verlag, 
New York.
Allen, Rod. 1997. Mining and metals in the environment. Journal of Geochemical 
Exploration, 58: 95-100
Ambers R.K.R., Hygelund B.N. 2001. Contamination of two Oregon reservoirs by
cinnabar mining and mercury amalgamation. Environmental Geology, 40(6):699- 
707.
ARCO. 1991. Silver Bow Creek/Butte Area NPL site streamside tailings operable unit 
RI/FS, Final work plan
ARCO. 1995a. Silver Bow Creek/Butte Area NPL site streamside tailings operable unit 
RI/FS, Draft remedial investigation report, volume 1.
ARCO. 1995b. Silver Bow Creek/Butte Area NPL site streamside tailings operable unit 
RI/FS, Draft remedial investigation report, volume 2.
ARCO. 2003a. Warm Springs Ponds Quarterly Operations and Maintenance Report, 
January 1 through March 31, 2003.
ARCO. 2003b. Warm Springs Ponds Quarterly Operations and Maintenance Report, 
April 1 through June 30, 2003.
ARCO. 2004. Warm Springs Ponds Quarterly Operations and Maintenance Report, July 
1 though September 30, 2003.
Breuninger, Anna B. 2000. Effects of floodplain remediation on bed sediment 
contamination in the Upper Clark Fork River Basin, Western Montana. 
University o f Montana Master’s Thesis.
Brooks, Rebekah and Moore, Johnnie N. 1989. Sediment-water interactions in the 
metal-contaminated floodplain of the Clark Fork River, Montana, USA. 
GeoJoumal, 19(1): 27-36.
CH2M Inc. and Chen-Northem Inc. 1989. Final sampling and analysis plan part II: 
Field sampling plan for the area 1 operable unit phase II remedial investigation. 
Silver Bow Creek CERCLA site. Silver Bow County, Montana.
Clark Fork River Technical Assistance Committee. 2004. 
http ://www.clarkforkoptions.org/sitemap. asp.
37
Coulthard, Tom J., Macklin, Mark G. 2003. Modeling long-term contamination in river 
systems from historical metal mining. Geology, 31(5):451-454.
Davies, S.N. and Dewiest, R.C.M. 1966. Hydrology. Chichester, UK; Wiley 
Interscience
Department o f Environmental Quality, Environmental Protection Agency. 2004.
Comprehensive long-term monitoring plan for Silver Bow Creek streamside 
tailings operable unit.
Downs, C.G. and Stock, J. 1977. Environmental impact of mining. Wiley, New York, 
p. 25.
Elder, John F. 1988. Metal biogeochemistry in surface-water systems: A review of 
principles and concepts. U.S. Geological Survey Circular 1013.
Essig D.A., Moore J.N. 1992. Clark Fork Damage Assessment, Bed Sediment 
Sampling and Chemical Analysis Report. Prepared for Natural Resource 
Damage Program, State of Montana.
Forstner U., Wittman G.T.W. 1981. Metal Pollution in the Aquatic Environment. 
Springer-Verlag, New York.
Gutnknecht J., Tosteson D C. 1973. Diffusion of weak acids across lipid bilayer
membranes: effect of chemical reactions in the unstirred layers. Science, 182: 
1258-1261.
Horowitz, A. 1985. A primer on sediment-trace metal chemistry. U.S. Geological 
Survey Water Supply Paper 2277.
Horowitz, Arthur J. and Elrick, Kent A. 1987. The relation of stream sediment surface 
area, grain size and composition to trace element chemistry. Applied 
Geochemistry, 2: 437-451.
Hygelund B.N., Ambers R.K.R., Ambers C.P. 2001. Tracing the source of mercury 
contamination in the Dorena Lake watershed, western Oregon. Environmental 
Geology, 40(6): 853-859.
Hylander L.D., Meili M. 2003. 500 years of mercury production: global annual
inventory by region until 2000 and associated emissions. The Science of the 
Total Environment, 304:13-27.
Kaim W., Schwederski B. 1994. Bioinorganic chemistry: inorganic elements in the 
chemistry o f life. John Wiley and Sons, New York.
38
Keating, M.H., Mahaffey K.R., Schoeny R., Rice G.E., Bullock O R., Ambrose R.B., 
Swartout R.B., Nichols J.W. 1997. Mercury Study Report to Congress, EPA- 
452/R-97-003.
Lacerda L.D., Salomons W. 1998. Mercury from gold and silver mining: a 
chemical time bomb? Springer, New York.
Lee, Churl Gyu, Chon, Hyo-Taek, Jung, Myung Chae. 2001. Heavy metal
contamination in the vicinity of the Daduk Au-Ag-Pb-Zn min in Korea.
Applied Geochemistry, 16:1377-1386.
Leigh D.S. 1997. Mercury-tainted overbank sediment from past gold mining in north 
Georgia, USA. Environmental Geology, 30(3-4):244-251.
Luoma, S. N., Axtmann, E.V., Cain, D. J. 1989. Fate of mine wastes in the Clark Fork 
River, Montana, USA: Proceedings of an IHP workshop: Metals and metalloids 
in the hydrosphere; Impact through mining and industry, and prevention in 
tropical environments. March 6 - 8  1989, Phuket, Thailiand, p. 63-75.
MDEQ, USEPA. 1995. Record of Decision: streamside tailings operable unit Silver Bow 
Creek/Butte Area, (original portion)
Maxim Technologies, Inc., Mussetter Engineering, Inc. 2003. Channel stability 
analysis and conceptual design report Subarea 2, streamside tailings 
operable unit Silver Bow Creek/Butte Area NPL site. Prepared for MDEQ,
MDOJ and USEPA.
Maxim Technologies, Inc., Inter-fluve, Inc., Bighorn Environmental, Reclamation 
Research Unit. 1999. streamside tailings operable unit Silver Bow 
Creek/Butte area NPL site. Final design report, Subarea 1, reach A.
Prepared for MDEQ and USEPA.
McKinnon, Temple E. 2001. Sources and seasonal variability of metals and arsenic 
concentrations in the surface water of the Clark Fork River Basin, Montana. 
University o f Montana Master’s Thesis.
Melamed R., Villa Boas R.C., Goncalves G.O., Paiva E C. 1997. Mechanisms of
physico-chemical interaction of mercury with river sediments from a gold mining 
region in Brazil: relative mobility of mercury species. Journal of Geochemical 
Exploration, 58:119-124.
Miller, Jerry R. 1997. The role of fluvial geomorphic processes in the dispersal of heavy 
metals from mine sites. Journal of geochemical exploration, 58:101-118.
39
Miller J.R., Lechler P J . 2003. Importance of temporal and spatial scale in the
analysis o f mercury transport and fate: an example from the Carson River 
system, Nevada. Environmental Geology, 43:315-325.
Miller J.R., Lechler P.J., Desilets M. 1998. The role of geomorphic processes in the 
transport and fate of mercury in the Carson River basin, west-central Nevada. 
Environmental Geology, 33(4):249-262.
Miller J R., Lechler P.J., Rowland J., Desilets M., Hsu L.C. 1995. An integrated
approach to the determination of the quantity, distribution, and dispersal of 
mercury in Lahontan Reservoir, Nevada, USA. Journal of Geochemical 
Exploration, 52:45-55.
Moore, Johnnie N. 2002. Trace metals in sediments from mine-impacted rivers: Clear 
Creek California project. Final Report for Award No. 02WRAG001.
Moore, Johnnie N., Luoma, Samuel N. 1990. Hazardous wastes from large scale metal 
extraction. Environmental Science and Technology, 24(9): 1278-1285.
Morel, Francois M.M., Kraepiel, Anne M.L., Amyot, Marc. 1998. The chemical cycle 
and bioaccumulation o f mercury. Annual review of ecology and systematics, 
29:543-566.
Multitech. 1987. Silver Bow Creek remedial investigation draft final report.
Submitted to Solid and Hazardous Waste Bureau: Department o f Health and 
Environmental Services.
Nagorski S.A. and Moore, J.N. 1999. Arsenic mobilization in the hyporheic zone of a 
contaminated stream. Water Resources Research, 35(11):3441-3450.
Nagorski, Sonia A., Moore, Johnnie N., McKinnon, Temple E., Smith, David B. 2003. 
Geochemical response to variable streamflow conditions in contaminated and 
uncontaminated streams. Water Resources Research, 39(2): HWC 1-14.
Natural Resource Damage Program. 2003. Remediation and restoration of Silver Bow 
Creek: A superfund success story. Public Document Pamphlet.
NOAA, National Ocean Service, Office of Response and Restoration. 2003.
Sediment quality guidelines.
http://response.restoration.noaa.gov/cpr/sediment/SQGs.html.
NOAA Climatic Data Center. 2004. Daily precipitation data for COOPID 241309. 
http://www.ncdc.noaa.gov/oa/ncdc.html.
Ontario Ministry of the Environment (OME). 2001. Copper in the Environment Fact 
Sheet. Ministry o f the Environment Programs and Initiatives.
40
Salomons, W. 1995. Environmental impact of metals derived from mining 
activities: processes, predictions, prevention. Journal o f geochemical 
exploration, 52: 5-23.
Salomons, W. and Forstner, U. 1984. Metals in the hydrocycle. Springer-Verlag,
Berlin
Smart E.W. 1995. Surface water and groundwater interaction in a shallow
unconfined alluvial aquifer and small mountain stream. Silver Bow Creek, 
Montana. Master’s Thesis, University of Montana.
Smith, Lawrence A., Means, Jeffrey, L. Chen, Abraham, Alleman, Bruce, Chapman, 
Christopher C., Tixier Jr., John S., Brauning, Susan E., Gavaskar, Arun R.,
Royer, Michael D. 1995. Remedial Options for Metals-Contaminated Sites. Lewis 
Publishers, New York
Sprenke K.F., Rember W.C., Bender S.F., Hoffman M L., Rabbi F., Chamberlain V.E. 
Toxic metal contamination in the lateral lakes o f the Coeur d’Alene River valley, 
Idaho. Environmental Geology, 39(6):575-586.
United States Geological Survey. 2004a. Realtime data for Blacktail Creek at Butte, 
Montana, http://waterdata.usgs.gov/mt/nwis/uv? 12323240.
United States Geological Survey. 2004b. Realtime data for Silver Bow Creek at Warm 
Springs, Montana, http://waterdata.usgs.gov/mt/nwis/uv712323750.
United States Geological Survey. 2004c. Water quality samples for Silver Bow Creek at 
Blacktail Creek.
http://nwis.waterdata.usgs.gov/mt/nwis/qwdata?site_no=12323250&agency_cd=
USGS
Villa Boas R.C. 1997. The mercury problem in the Amazon due to gold extraction. 
Journal of Geochemical Exploration, 58:217-222.
Wielinga B., Lucy J.K., Moore J.N., Seastone O F., Gannon, J.E. 1999.
Microbiological and geochemical characterization of fluvially deposited sulfidic 
mine tailings. Applied and Environmental Microbiology. 65(4): 1548-1555.
41
Table Appendix
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NOAA Sediment Guidelines
Metal TEL PEL AET
Arsenic 5.90 17.0 35.0
Cadmium 0.596 3.53 3.0
Copper 35.7 197 390
Lead 35.0 91.3 400
Mercury 0.174 0.486 .410
Zinc 123 315 410
Table 1. NOAA guidelines for freshwater sediments.
Taken from NOAA website (2003)
Values are in ppm dry weight.
TEL=Threshold Effects Limit. PEL=Probable Effects Limit 
AET=Apparent Effects Threshold
QC Criteria and Observed Values for Hg
QC Measure
Acceptable
Range
Observed
Range Comment
Sediment Standard Every 20 digest sam ples
80-120% 80-103% Passed
Check standard Every 10 analysis sam ples
90-110% 89-104% Passed
internal Check (IRC) Every 10 analysis sam ples
76-111% 55-149% Failed
MBIank Every 10 digest sam ples
B.D. B.D. Passed
LBIank Every 10 analysis sam ples
B.D. B.D. Passed
MSpike Every 20 digest sam ples
70-130% 70-108% Passed
LSplke Every 10 analysis sam ples
76-111% 51-139* Failed
Mdup Every 10 digest sam ples
<10% Diff. 0-9.5% Passed
LDup Every 10 analysis samples
<10% Diff. 0.1-5.6% Passed
Table 2. QC criteria and observed values for Hg
Lspike and LDup are from the analytical procedure 
Mspike and MDup are from the digestion procedure
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Method Detection 
Limits
Element PQL Sediment MDL
Arsenic 0.025 12.5
Cadmium 0.004 2
Copper 0.01 5
Lead 0.08 40
Zinc 0.004 2
Table 3. ICP PQL in mg/L and digest MDL in mg/kg 
PQL=detection limit of solution for ICP 
MDL=detection limit for metals in sediment
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QC Criteria and 0observed Values for ICP
QC Measure
Acceptable
Range
Observed
Range Comment
Sediment Standard Every 20 digest samples
As 80-120% 51-99% Failed
Cd 80-120% 35-70% Failed
Cu 80-120% 79-105% Passed
Pb 80-120% 92-110% P assed
Zn 80-120% 86-101% P assed
Check Standard Every 10 analysis samples
As 90-110% 95-103% Passed
Cd 90-110% 91-100% Passed
Cu 90-110% 91-104% P assed
Pb 90-110% 96-105% Passed
Zn 90-110% 97-108% Passed
MBIank Every 10 digest samples
As <PQL B.D. Passed
Cd <PQL B.D. Passed
Cu <PQL B.D. Passed
Pb <PQL B.D. Passed
Zn <PQL B.D. Passed
LBIank Every 10 analysis samples
As <PQL B.D. Passed
Cd <PQL B.D. Passed
Cu <PQL B.D. Passed
Pb <PQL B.D. Passed
Zn <PQL B.D. Passed
MSplke Every 20 digest samples
As 70-130% 94-117% Passed
Cd 70-130% 89-100% Passed
Cu 70-130% 81-116% Passed
Pb 70-130% 89-106% Passed
Zn 70-130% 79-112% Passed
LSplke Every 10 analysis samples
As 70-130% 95-129% Passed
Cd 70-130% 83-93% Passed
Cu 70-130% 94-114% Passed
Pb 70-130% 84-92% Passed
Zn 70-130% 87-95% Passed
Mdup Every 10 digest samples
As <10% diff. 0-4.5% Passed
Cd <10% diff. 0-6.1% Passed
Cu <10% diff. 0-4.3% P assed
Pb <10% diff. 0-5.2% P assed
Zn <10% diff. 0-6.4% P assed
LDup Every 10 analysis samples
As <10% diff. 0-5.1% Passed
Cd <10% diff. 0-6.1% One sample of 114%
Cu <10% diff. 0-5.7% P assed
Pb <10% diff. 0.1-63% P assed
Zn <10% diff. 0.3-56% P assed
Table 4. QC criteria and observed values for ICP metals. See Table 2
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Background Concentration
Metal Background Concentration
Arsenic 7
Cadmium 0.22
Copper 20
Lead 15.4
Mercury o .r
Zinc 56.5
Table 5. Background concentration usee
Data taken from Essig and Moore (1992)
* indicates data taken from Adriano (1986)
MDEQ/USEPA Values
Metal Background Concentration
Arsenic 39
Cadmium 3.2
Copper 99
Lead 55
Mercury 0.13
Zinc 126
Values are reported in mg/Kg sediment, dry weight
Average abundance of metals In selected earth 
materials
Metal Soil Sediment Shale Granite Crust
Arsenic 6 7.7 13 1.9 1.5
Cadmium 3.5 0.17 0.22 0.13 0.11
Copper 30 33 45 30 60
Lead 35 19 20 15 14
Mercury <0.1* <0.2* 0.005-3.3* <0.1** 0.05*
Zinc 90 95 95 60 ^ 45
Table 7. Average abundance of heavy metals in selected earth materials 
Data taken from Essig and Moore (1992)
* indicates data taken from Adriano (1986) ** indicates data for igneous rocks
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Threshold Limits for Contaminants at 
SBC
Contaminant Threshold Limit (mg/Kg)
Arsenic 200
Cadmium 20
CoDoer 1000
Lead 1000
Mercury 10
Zinc 1000
Table 8. Thresho d limits for contaminants of concern at Silver Bow Creek.
Adapted from DEQ/EPA (2004)
Site April
s td
dev June
std
dev July
std
dev Sept.
std
dev Oct.
s td
dev
SB16 2.21 1.64 1.85 1.38 0.88 0.08 1.89 0.761 2.17 0.50
SB15 1.05 0.03 0.82 0.26 1.67 1.67 1.53 0.560 1.55 0.18
SB06 8.45 0.76 4.03 1.83 3.69 0.38 4.31 1.131 5.24 1.02
SB04 20.1 13.3 6.97 1.14 7.63 0.97 11.8 1.557 11.4 1.6
SB07 11.3 0.4 5.82 0.44 6.72 0.50 9.21 0.595 7.94 0.61
SB17 9.53 1.69 3.98 1.00 4.48 0.49 6.22 0.432 6.15 0.13
SB12 6.88 0.53 3.80 0.26 4.17 0.84 4.39 0.321 4.27 0.70
SB01 6.85 0.48 4.59 0.08 4.72 0.95 4.53 0.358 3.34 0.46
Table 9. Average mercury concentrations found during 2003. 
Concentrations are in mg/Kg sediment (dry weight) 
n=3 for each site
Site April
s td
dev June
std
dev July
std
dev Sept.
s td
dev Oct.
std
dev
SB16 125 35 80 44 66 24 116 64 75 17
SB15 67 4 40 6 52 14 59 16 71 6
SB06 261 25 141 23 164 22 212 69 201 45
SB04 578 2 242 27 295 5 665 205 604 269
SB07 359 4 201 5 212 25 421 82 345 26
SB17 410 20 151 23 215 72 279 14 293 27
SB12 312 4 182 17 188 37 273 21 250 31
SB01 317 5 192 15 187 50 217 12 161 25
Table 10. Average arsenic concentrations found during 2003. 
Concentrations are in mg/Kg sediment (dry weight) 
n=3 for each site
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Site April
std
dev June
s td
dev July
std
dev Sept.
s td
dev Oct.
std
dev
SB16 14.9 6.7 8.0 6.9 7.9 1.9 11.7 2.3 18.9 1.9
SB15 8.9 0.9 5.0 0.7 4.6 0.7 7.1 3.3 17.5 2.0
SB06 14.6 4.4 10.8 2.4 9.5 2.6 16.8 4.1 30.0 4.2
SB04 17.0 4.3 14.3 1.2 17.3 0.5 16.4 3.5 21.0 1.3
SB07 13.9 2.2 11.9 1.1 18.3 1.6 23.5 2.3 20.4 3.5
SB17 12.5 0.8 5.9 0.8 15.6 2.2 29.5 6.9 26.4 1.2
SB12 11.9 2.6 7.7 0.8 21.5 6.2 43.5 3.6 32.6 4.3
SB01 10.3 1.1 10.4 2.0 15.3 0.5 29.9 4.7 21.9 6.0
Table 11. Average cadmium concentrations found during 2003. 
Concentrations are in mg/Kg sediment (dry weight) 
n=3 for each site
Site April
s td
dev June
std
dev July
s td
dev Sept.
s td
dev Oct.
std
dev
SB16 1407 827 1763 1308 917 126 1417 537 1851 543
SB15 705 44 857 67 511 131 637 203 1020 70
SB06 2275 474 1906 321 1538 241 2106 378 3943 1319
SB04 3838 1261 3280 604 3999 122 5199 691 6006 2013
SB07 3162 669 2605 153 3425 363 5775 1043 4447 1147
SB17 3207 443 1819 315 2760 251 5106 389 4988 364
SB12 2415 305 1957 89 2660 398 4143 315 3562 399
SB01 2201 128 2224 38 2203 312 3292 468 2450 618
Table 12. Average copper concentrations found during 2003. 
Concentrations are in mg/Kg sediment (dry weight) 
n=3 for each site
Site April
Std
dev June
std
dev July
std
dev Sept.
std
dev Oct.
std
dev
SB16 547 238 536 307 315 77 581 172 413 68
SB15 306 4 338 40 314 191 366 108 369 26
SB06 1172 91 714 171 587 41 799 195 960 296
SB04 2534 1914 1259 304 1187 235 2005 251 1867 491
SB07^ 1552 3 1013 44 1030 123 1642 1260 1421 144
SB17 1294 124 596 139 649 65 904 49 1014 20
SB12 1055 74 699 52 722 163 796 11 820 92
SB01 984 60 739 23 687 154 772 61 571 82
Table 13. Average lead concentrations 
Concentrations are in mg/Kg 
n=3 for each site
found during 2003. 
sediment (dry weight)
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Site April
Std
dev June
std
dev July
std
dev Sept.
Std
dev Oct.
std
dev
SB16 3627 1566 3209 1886 2439 594 3605 462 4676 811
SB15 2170 222 2198 288 1582 168 1999 811 3687 355
SB06 3807 441 2817 757 2353 155 3121 608 3940 1300
SB04 5446 1434 4303 246 4805 343 5211 528 5768 222
SB07 4441 110 4027 276 4900 434 6885 401 5790 778
SB17 4041 99 4027 425 5178 822 8118 1624 7982 415
SB12 4273 501 3539 286 5805 908 9435 595 8283 903
SB01 3629 197 3747 189 4661 221 6998 724 5423 1292
Table 14. Average zinc concentrations 
Concentrations are in mg/Kg 
n=3 for each site
found during 2003. 
sediment (dry weight)
1991 1998 2003
Site [Hg] [Hg] [Hg]
SB16 N.D. N.D. 1.80
SB15 N.D. N.D. 1.32
SB06 10.2 7.54 5.14
SB04 10.3 17.1 11.6
SB07 8.94 11.5 8.20
SB17 N.D. N.D. 6.07
SB12 8.46 6.24 4.70
SB01 2.69 N.D. 4.81
Table 15. Average mercury concentrations for 1991,1998 and 2003 
Concentrations are in mg/Kg sediment (dry weight) 
n=l for 1991 and 1998, n=15 for 2003 
N.D. indicates no data
1991 1998 2002 2003
Site [As] [As] [As] [A sJ_
SB16 N.D. N.D. 93.7 92.3
SB15 N.D. N.D. 85.0 57.7
SB06 477 400 302 196
SB04 970 1025 1193 477
SB07 678 751 475 308
SB17 N.D. N.D. 372 270
SB12 437 476 237 241
SB01 216 N.D. 179 215
Concentrations are in mg/Kg sediment (dry weight) 
n=l for 1991 and 1998, n=3 for 2002, n=15 for 2003 
N.D. indicates no data
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1991 1998 2002 2003
Site [Cd] [Cd] [Cd] [Cd]
SB16 N.D. N.D. 17.3 12.3
SB15 N.D. N.D. 15.3 8.6
SB06 45.5 22.2 28.3 16.3
SB04 22.9 16.6 15.3 17.2
SB07 25.8 16.9 33.0 17.6
SB17 N.D. N.D. 51.6 18.0
SB12 39.6 30.6 59.5 23.4
SB01 21.7 N.D. 40.2 17.5
Concentrations are in mg/Kg sediment (dry weight) 
n=l for 1991 and 1998, n=3 for 2002, n=15 for 2003 
N.D. indicates no data
1991 1998 2002 2003
Site [Cu] [Cu] [Cu] [Cu]
SB16 N.D. N.D. 1383 1471
SB15 N.D. N.D. 1019 746
SB06 8219 3888 4056 2354
SB04 8626 8201 4724 4464
SB07 10430 9253 7174 3883
SB17 N.D. N.D. 8843 3576
SB12 7405 9604 6696 2947
SB01 3912 N.D. 4753 2474
Table 18. Average copper concentrations for 1991, 1998 and 2003 
Concentrations are in mg/Kg sediment (dry weight) 
n=l for 1991 and 1998, n=3 for 2002, n=15 for 2003 
N.D. indicates no data
1991 1998 2002 2003
Site [Pb] [Pb] [Pb] [Pb]
SB16 N.D. N.D. 451 478
SB15 N.D. N.D. 410 338
SB06 1687 1142 1798 846
SB04 2058 2341 3104 1770
SB07 2062 1808 1643 1331
SB17 N.D. N.D. 1248 891
SB12 1311 968 760 819
SB01 561 N.D. 619 751
Table 19. Average lead concentrations for 1991, 1998 and 2003 
Concentrations are in mg/Kg sediment (dry weight) 
n=l for 1991 and 1998, n=3 for 2002, n=15 for 2003 
N.D. indicates no data
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1991 1998 2002 2003
Site [Zn] [Zn] [Zn] [Zn]
SB16 N.D. N.D. 3494 3511
SB15 N.D. N.D. 2999 2327
SB06 8065 5754 4867 3208
SB04 6722 6309 7993 5107
SB07 7602 6238 6622 5209
SB17 N.D. N.D. 10722 5644
SB12 8139 9483 11564 6267
SB01 5599 N.D. 8296 4892
Table 20. Average zinc concentrations for 1991, 1998 and 2003 
Concentrations are in mg/Kg sediment (dry weight) 
n=l for 1991 and 1998, n=3 for 2002, n=15 for 2003 
N.D. indicates no data
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Figure Appendix
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Figure 1. Phase diagram of hydroxo- and chloro-complexes o f Hg^^ as a function of pH 
and chloride concentration 
Taken from Davies and DeWiest (1966)
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Figure 3. 2003 Silver Bow Creek Sampling Sites.
Location and scale are the same as Figure 2.
55
Exhibit 1 
Location Map
MISSOULA
POWELL
Drum moud
CLARK FORK R IV E R / ©  
OPERABLE UNIT CarnMi»u< ■ * 12.
O R A N I T E  >
.Xiumnda N .-J-
r<5«TM
to »  HHt %#«.' v.«ilUJI I
l̂ÎNMtuial
MILLTOWN t  
RESERVOIR £  
OPERABLE 
UNIT
ANACONDA- 
SMELTER 
NPL SITE
L A/v*,p /
> i ' , ivmh _  SILVER BOW 
^ V  CREEK/BUTTE
\ u  AREA NPL SITE 
' Butfe *. - t r r -  -
TT
S I L V E R  B O W
Figure 4, Clark Fork River Superfund sites 
Taken From CFRTAC (2004).
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Figure 5. Daily precipitation through Sept. 17,2003.
Data from NOAA webpage (2004) for station COOPID 241309.
57
Silver Bow Creek Discharge
140
« 1 2 0
«.100
o>
CO
o
CO
CD
CO
CD
CO
o>CM COCM COCM CMCMCOCO COto to CO CO CD CD
Date
CM
Figure 6. Hydrograph of SBC for the year o f 2003
Data taken from USGS webpage (2004) at the Blacktail Creek gaging Station.
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Mercury Distribution
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Figure 7. Spatial Distribution of mercury in Silver Bow Creek for 2003
n=l 5 for each sample site. AET is NOAA Apparent Effects Threshold.
Box blot gives median (dark line), 25% (bottom box line) and 75% (upper box line) concentrations 
Remediated indicates portion of creek that has currently been remediated, Unremediated has not been
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Figure 8. Spatial Distribution o f arsenic in Silver Bow Creek for 2003
See Figure 7 for detailed descriptions
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Figure 9. Spatial Distribution o f cadmium in Silver Bow Creek for 2003
See Figure 7 for detailed descriptions
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Figure 10. Spatial Distribution of copper in Silver Bow Creek for 2003
See Figure 7 for detailed descriptions
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Figure 11. Spatial Distribution of lead in Silver Bow Creek for 2003
See Figure 7 for detailed descriptions
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Figure 12. Spatial Distribution of zinc in Silver Bow Creek for 2003
See Figure 7 for detailed descriptions
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Figure 13. Mercury concentrations in stream sediment and adjacent tailings deposits
See Figure 7 for detailed descriptions
Adjacent tailings units are to the left of the sites they immediately affect
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Figure 14. Arsenic concentrations in stream sediment and adjacent tailings deposits
See Figure 7 for detailed descriptions
Adjacent tailings units are to the left of the sites they immediately affect
[Cd] in m g/K g
ON
100
80
Ramsay Flats
60
40 ■
052
20 -
AET
SB15 SB06 SB04 SB07 SB17 SB12 SB01
TAILING1 TAILING2 TAILINGS TAILING4 TAILINGS TAILINGS
- Remediated ------------------------------------------------------- Unremediated-------------------------------------------------------------------►
Figure 15. Cadmium concentrations in stream sediment and adjacent tailings deposits
See Figure 7 for detailed descriptions
Adjacent tailings units are to the left of the sites they immediately affect
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Figure 16. Copper concentrations in stream sediment and adjacent tailings deposits
See Figure 7 for detailed descriptions
Adjacent tailings units are to the left of the sites they immediately affect
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Figure 17. Lead concentrations in stream sediment and adjacent tailings deposits
See Figure 7 for detailed descriptions
Adjacent tailings units are to the left of the sites they immediately affect
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Figure 18. Zinc concentrations in stream sediment and adjacent tailings deposits
See Figure 7 for detailed descriptions
Adjacent tailings units are to the left of the sites they immediately affect
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Figure 19. Short-term temporal variability of mercury during 2003
Large bars represent median value, error bars represent high and low values
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Figure 20. Short-term temporal variability o f arsenic during 2003
Large bars represent median value, error bars represent high and low values
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Figure 21. Short-term temporal variability o f cadmium during 2003
Large bars represent median value, error bars represent high and low values
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Figure 22. Short-term temporal variability of copper during 2003
Large bars represent median value, error bars represent high and low values
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Figure 23. Short-term temporal variability o f lead during 2003
Large bars represent median value, error bars represent high and low values
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Figure 24. Short-term temporal variability of zinc during 2003
Large bars represent median value, error bars represent high and low values
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Figure 25. Total Recoverable Mercury, Total Suspended Sediment, Flow rate at WSP
TR [Hg] in mg/L, TSS in mg/L, Flow rate in cfs
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Figure 26. Total Recoverable Arsenic, Total Suspended Sediment, Flow rate at WSP
TR [As] in mg/L, TSS in mg/L, Flow rate in cfs
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Figure 27. Total Recoverable Cadmium, Total Suspended Sediment, Flow rate at WSP
TR [Cd] in mg/L, TSS in mg/L, Flow rate in cfs
Copper
10000
1000
100 TR Copper 
TSS
Flow rate
ooo
0.01
CD
CM
Œ)
CM
CO
OO
c y
CO
o
CO
LO
CO
COCO
CO
CO CO
Date
Figure 28. Total Recoverable Copper, Total Suspended Sediment, Flow rate at WSP
TR [Cu] in mg/L, TSS in mg/L, Flow rate in cfs
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Figure 29. Total Recoverable Lead, Total Suspended Sediment, Flow rate at WSP
TR [Pb] in mg/L, TSS in mg/L, Flow rate in cfs
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Figure 30. Total Recoverable Zinc, Total Suspended Sediment, Flow rate at WSP
TR [Zn] in mg/L, TSS in mg/L, Flow rate in cfs
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Figure 31. Long-term temporal variability o f mercury
1991 and 1998 data are single values with largest variation applied
2002 Large bars are median values, error bars represent high and low values
2003 large bars are average concentrations, error bars represent 2 standard deviations
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Figure 32. Long-term temporal variability of arsenic
1991 and 1998 data are single values with largest variation applied
2002 Large bars are median values, error bars represent high and low values
2003 large bars are average concentrations, error bars represent 2 standard deviations
ooLA
70
60
O) 50
O) 40
E
5" 30
Ü
20
10
0
Cadmium
Ramsay Flats y
□ 1991 
■  1998
□ 2002  
□  2003
S B 16  SB 15 S B 06  SB04 SB07 SB17 SB 12 SB01
< -----  Remediated----------------------------------------------------------------------Unremediated ►
Figure 33. Long-term temporal variability of cadmium
1991 and 1998 data are single values with largest variation applied
2002 Large bars are median values, error bars represent high and low values
2003 large bars are average concentrations, error bars represent 2 standard deviations
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Figure 34. Long-term temporal variability o f copper
1991 and 1998 data are single values with largest variation applied
2002 Large bars are median values, error bars represent high and low values
2003 large bars are average concentrations, error bars represent 2 standard deviations
oo
- J
O)
o>
E
S ’a.
Lead
400 0
Ramsay Flats
3500
3000
2500
2000
1500
1000
S B 16  S B 15  SB06 SB04 SB 07 SB 17 SB12 SB01
A  Remediated -------------------------------------------------------------  Unremediated ----------------------------►
□ 1991
■ 1998
□ 2002
□ 2 00 3
AET
Figure 35. Long-term temporal variability o f lead
1991 and 1998 data are single values with largest variation applied
2002 Large bars are median values, error bars represent high and low values
2003 large bars are average concentrations, error bars represent 2 standard deviations
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Figure 36. Long-term temporal variability o f zinc
1991 and 1998 data are single values with largest variation applied
2002 Large bars are median values, error bars represent high and low values
2003 large bars are average concentrations, error bars represent 2 standard deviations
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Sample Site GPS Lcications
Sample Site North West
8816 45® 59' 49.1" 112® 33' 56.6"
8815 45° 59’ 57.3" 112® 34’ 37.0"
8806 46® 00' 18.3" 112® 39'43.5"
8804 45® 59' 58.2" 112® 41'26.2"
8807 46® 00' 43.8" 112® 43' 27.9"
8817 46® o r  37.7" 112® 47'41.7"
8812 46® 05'41.6" 112® 48' 17.9"
8801 46® 07' 21.3" 112® 47' 58.0"
GPS locations of sample sites 
Map datum (UTM) is WGS ‘84 
Resolution is +/- 10m
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Raw Data Appendix
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s
April 12, 2003 Raw Data In mg/kg of sediment 
Sample Name
SBOIx 
SB01y 
SB01Z
SB04X 
SB04y 
SB04Z
SB05X 
SB05y 
SB05Z
SB06X 
SB06y 
SB06Z
SB07X 
SB07y 
SB07Z
SB15X 
SB15y 
SB15Z
SB16X 
SB16y 
SB16Z
SB17X 
SB17y 
SB17Z
A! As B Ba Be Ca Cd Co Or Cu Fe Hg K LI Mg
23160.0 313 63.8 415.0 1.35 8604 10.10 8.80 32.6 2126 41100 6.38 4193 26.1 5824
23370.0 316 60.8 418.1 1.46 8233 11.50 9.10 27.7 2348 39600 7.34 2539 25.1 5897
23100.0 322 68.1 449.0 1.31 8041 9.30 8.40 26.5 2128 42880 6.84 4900 24.9 5876
24820.0 290 63.5 446.2 1.45 6411 21.40 8.10 23.3 2884 40090 10.52 3252 26.3 5813
23850.0 1067 68.1 615.2 1.48 6251 12.90 8.20 18.0 5267 45660 35.20 3402 22.1 5660
25360.0 377 67.1 484.7 1.46 8228 16.80 9.10 25.1 3363 43810 14.48 4324 25.8 5828
21450.0 309 62.7 446.0 1.36 8185 14.90 10.40 29.7 2665 42000 7.46 1974 23.2 5223
22320.0 310 63.1 419.6 1.37 8110 10.90 9.80 25.7 2505 41170 6.42 2261 24.5 5691
21110.0 317 59.9 450.0 1.30 7245 9.90 8.10 26.6 2076 39470 6.76 3104 22.4 4940
26840.0 263 69.1 493.6 1.71 8947 19.40 9.80 26.1 2822 44990 8.98 4526 28.3 6186
22500.0 285 68.7 443.1 1.46 8331 10.90 10.30 26.8 2015 44300 7.58 4183 25.3 5581
25530.0 235 64.4 443.7 1.46 9667 13.50 9.00 24.4 1988 40660 8.78 3286 28.4 6364
22060.0 355 63.0 490.2 1.22 6707 12.70 7.50 23.4 2538 41950 10.82 2048 21.6 5047
21140.0 359 54.4 524.1 1.39 6223 12.50 7.60 29.7 3078 37160 11.52 2170 19.4 5029
22160.0 362 54.8 471.5 1.47 7146 16.40 8.50 29.4 3869 36680 11.60 3710 21.0 5464
19210.0 64 53.7 347.6 0.93 11680 9.70 9.40 35.5 745 33120 1.08 3052 23.1 6253
23920.0 68 57.7 354.3 1.12 13290 8.00 10.60 32.4 658 34780 1.02 2865 25.7 6924
20950.0 71 52.9 323.2 0.98 12170 8.90 10.60 33.4 714 32240 1.04 2754 25.2 6405
22440.0 165 64.8 360.4 1.33 11950 22.40 13.10 43.4 2353 42510 4.10 4038 24.5 6419
21800.0 103 58.7 345.5 1.10 12240 9.60 11.00 40.8 822 38920 1.18 3093 23.9 6605
21610.0 107 63.4 363.9 1.11 15330 12.80 11.70 39.0 1045 39740 1.34 3199 24.7 7114
20970.0 432 69.1 449.6 1.42 4704 13.20 8.40 26.5 3689 45980 11.12 2879 19.6 4808
20420.0 401 57.7 445.5 1.26 6301 12.80 7.80 23.8 3116 37860 9.72 4177 20.6 5004
18020.0 396 57.2 398.8 1.47 4336 11.60 7.20 18.6 2817 38990 7.76 3119 16.0 3675
oU)
Mn Mo Na Ni P Pb S Sb Se Si Sn Sr Ti Ti V Zn
2557.00 8.90 469.90 12.00 1753 917 5384 [b.d.] [b.d] 1237.0 [b.d] 87 882 [b.d.] 60.1 3602
2010.00 8.80 539.80 11.10 2038 1002 4495 [b.d] [b.d] 775.3 [b.d] 98 816 [b.d] 54.2 3839
1870.00 9.30 602.70 11.30 1715 1034 5973 [b.d.] [b.d.] 1339.0 [b.d.] 93 886 [b.d] 54.8
3447
1952.00 9.90 564.90 Ib.d.] 2444 1254 4938 [b.d.] [b.d.] 1345.0 [b.d.] 86 946 [b.d.] 60.4 4932
3529.00 18.30 549.70 [b.d.] 1767 4734 5016 [b.d.] [b.d.) 1462.0 [b.d.] 102 836 [b.d.] 63.6 7066
2102.00 11.50 656.00 [b.d.] 2584 1613 6516 [b.d] [b.d.] 1307.0 [b.d] 103 893 [b.d.] 61.3 4339
2165.00 9.30 616.30 11.30 2169 1131 6464 [b.d] [b.d.] 1004.0 [b.d] 90 809 [b.d.] 57.1 4849
2145.00 8.70 521.60 11.00 2038 982 5038 [b.d] [b.d] 857.1 [b.d] 95 827 [b.d] 52.9 4032
1930.00 9.10 574.90 Ib.d] 1863 1053 5959 [b.d] [b.d] 1177.0 [b.d] 87 813 [b.d] 50.6 3939
1779.00 10.40 709.10 10.50 2661 1199 7780 [b.d] [b.d] 1386.0 [b.d] 116 893 [b.d] 61.9 4308
2691.00 8.90 651.30 [b.d.] 2611 1246 6880 [b.d] [b.d] 876.1 (b.d.) 102 824 [b.d] 62.9 3634
1735.00 9.10 658.30 10.60 2566 1070 5316 [b.d] [b.d] 1162.0 [b.d] 103 898 [b.d] 63.5 3478
1834.00 10.40 710.10 (b.d.) 1954 1549 7993 [b.d] [b.d] 904.3 [b.d] 99 834 [b.d] 53.3 4441
1947.00 10.00 599.30 [b.d.] 2195 1552 6210 [b.d.] [b.d] 741.3 [b.d.) 93 769 [b.d] 48.4 4332
1997.00 10.00 556.70 11.50 2553 1555 5132 [b.d.] [b.d] 911.4 [b.d.] 99 773 [b.d] 51.1 4551
1247.00 9.90 453.20 12.40 3348 303 4554 [b.d.] [b.d.] 744.8 [b.d.] 99 959 [b.d] 61.5 2405
1632.00 9.20 517.80 13.30 3082 311 2864 [b.d] [b.d] 1238.0 [b.d.] 96 1123 [b.d] 63.8 1964
1676.00 7.70 626.40 12.50 2824 304 3172 [b.d.] [b.d] 890.8 [b.d.] 104 1010 [b.d] 61.3 2141
1538.00 14.90 494.90 15.30 3834 821 10920 [b.d.] [b.d] 768.3 [b.d.] 87 912 [b.d.] 72.7 5394
2022.00 8.80 546.40 14.60 3189 384 3511 [b.d] [b.d] 1161.0 [b.d.] 88 1001 [b.d] 75.3 2410
2025.00 10.50 607.20 15.60 3700 437 5100 [b.d] [b.d] 1150.0 [b.d.] 88 944 [b.d] 75.0 3078
1616.00 11.00 627.50 [b.d.] 2241 1385 7693 [b.d.] [b.d] 1568.0 [b.d.] 77 765 [b.d.] 50.5 4222
1911.00 10.30 635.00 [b.d] 2026 1344 6371 [b.d] [b.d] 763.8 [b.d.] 90 765 [b.d] 45.1
4385
1521.00 11.10 575.50 [b.d] 2095 1153 7916 [b.d] [b.d.] 1001.0 [b.d] 64 642 [b.d.] 45.0 4207
June 6, 2003 Raw Data in mg/kg of sediment
Sample Name
SB01X 
SBOly 
SB01Z
SB04X 
SB04y 
SB04Z
SB05X 
SB05y 
SB05Z
SB06X 
S806y  
SB06Z
SB07X 
SB07y 
SB07Z
SB15X 
SB15y 
SB15Z
SB16X 
SB16y 
SB16Z
SB17X 
SB17y 
SB17Z
At
21070
21490
22240
23560
23740
22170
23160
20610
17930
22440
23280
21590
22060
19450
19760
20580
23490
19800
19710
28580
20450
22710
22660
21680
As
200.9
174.6
199.8
226.5
274.0
226.5
188.7
162.0 
194.4
114.8 
159.1
147.6
197.3
207.4
199.5
46.8
35.9
35.9
88.5 
0.013
150.5
123.9
163.8
164.9
B
28
25.6 
28.2
32.6
33.3
34.1
32.8
26.6
24.2
30.2
31.6
40.4
27.7
27.3
26.5
28.1
31.8
27.9
30
33.9 
36
21.2
20.5 
20.2
Ba
397.0
402.2
397.2
417.0
462.6
434.1
433.1
370.3
386.2
373.3
409.0
390.7
444.8
450.6
425.5
394.1
406.9
378.1
329.3
388.7
428.5
328.2
396.3
374.8
Be
0.800
0.890
0.800
0.990
1.130
0.920
0.820
0.720
0.590
0.970
0.930
0.860
0.890
0.810
0.820
0.620
0.660
0.530
0.620
0.800
1.090
0.970
1.040
0.950
Ca
9230
8352
8836
10330
9962
9739
10100
8771
7296
10170
9615
8128
8158
7459
7903
12490
13300
11810
12710
12310
13890
8925
8310
6459
Cd
11.50 
8.10
11.50
15.50
13.20 
14.30
7.80
8.40
6.90
9.70
13.50
9.20
11.90
10.80
13.00
5.80
4.90
4.40
7.20 
0.002
16.90
6.10
6.50
5.00
Co
14.80
14.30 
14.60
13.40
15.40
13.50
15.90
14.00
12.30
14.10
13.00
12.80
13.70
13.20
14.20
15.70
16.00
15.50
15.00
14.40
15.70
12.90 
12.80
12.50
Cr
25.40
29.20
29.00
24.10
25.60
23.60
34.00
27.10
25.60
22.50
21.60
21.20
27.70
29.80 
29.60
32.50
33.40
33.80
36.70
32.50
40.10
26.80
27.10
22.00
Cu
2262
2187
2222
2728
3926
3187
2056
1933
1883
1665
2270
1782
2705
2429
2681
934
826
810
1496
608
3184
1472
2086
1900
Fe
34780
34180
34860
44010
45410
41260
41010
32810
31880
38810
40130
53090
34790
35740
35720
37220
37490
34930
40230
38170
54120
29330
29860
28260
Hg
4.62
4.50
4.64
5.74 
7.98 
7.20
3.74 
3.58 
4.08
2.86
6.14
3.10
5.66
6.32
5.48
1.10 
0.78 
0.58
1.72
0.54
3.30
2.94
4.94 
4.06
K
9888
9703
9879
9954
10100
10550
10140
9931
9629
9646
9966
10040
10160
9776
9952
9711
10250
10030
9804
10090
9392
8968
8705
8788
LI
32.80
32.20
33.90
35.80
35.10
36.00
36.80 
33.30 
30.50
35.20
36.20
33.80
32.70
30.20
30.60
32.10
33.90
31.10
31.60
35.70
32.20
29.90 
29.40
27.00
Mg
5800
5779
5972
6250
6425
6496
6457
5733
4823
5746
6037
5144
6141
5311
5692
6676
7123
6435
6584
7094
6263
5922
5597
5005
\oL/1
Mn Mo Na Ni P Pb S Sb Se Si Sn Sr Ti TI V Zn
1991 12.00 156 14.70 2126 744.4 5181 (b.d] [bd.] 1670 [b.d.] 85.1 822.9 [b.d] 46.5 3957
1843 10.40 142 13.30 1981 758.8 4693 (b d ] [bd.] 1648 [bd.] 86.4 821.7 [b.d.] 45.2 3693
2174 11.30 160 16.00 2032 713.3 4891 (b d ] [bd.] 1919 [bd.] 84.1 860.8 [bd.] 48.5 3591
1727 12.50 293 12.50 3906 994.8 6119 (b.d] [b.d] 1330 [b.d.] 111.2 859.4 [bd.] 56.4 4051
3559 14.20 205 12.80 3890 1591 5978 (b d ] [b.d] 1090 [bd.] 111.7 866.2 [bd.] 64.8 4543
1776 14.50 235 13.50 3268 1191 6221 (bd.] [bd.] 1890 [bd.] 108.8 848.8 [b.d] 55 4316
2232 11.80 148 15.50 2107 735.8 5189 (bd.] [b.d] 1404 [bd.] 92.6 968.2 [b.d] 55.2 3847
2054 11.20 165 14.70 2050 639.2 4683 [b.d] [bd.] 1457 [b.d.] 82.8 814.8 [b d ] 42.8 3486
2388 9.90 161 12.50 1852 722.7 5118 [bd.] [b.d] 1305 [b.d] 76.8 713.7 [b.d] 38.2 3283
1456 10.20 261 13.50 2786 550.8 5753 [bd.] [bd.] 1230 [b.d] 103.6 805.5 [bd.] 54.3 2497
1320 15.70 273 13.30 2690 892.7 5887 [bd.] (b.d.) 967 [bd.] 112.9 862.2 [bd.] 57.6 3681
837 11.50 701 11.90 2696 699.3 13110 [b.d.] [bd.] 765.5 [bd.] 166.7 766.1 [b.d.] 60.8 2273
1938 11.20 265 15.50 2776 971.6 5150 [bd.] [bd.] 1079 [b.d.] 105.2 781.1 [bd.] 41.9 3754
2021 10.60 270 14.70 2589 1060 6585 [bd.] [bd.] 987.4 [bd.] 97.7 755.6 [bd.] 44.5 4021
2318 11.90 208 14.20 2950 1007 6067 [b.d.] [b.d.] 1160 [b.d.] 102.5 763.4 [bd.] 44.5 4306
2538 11.00 234 16.20 5431 380.8 4300 [b.d] [b.d.] 956.5 [bd.] 112.9 975.7 [bd.] 58.3 2522
2387 10.80 236 15.80 4864 331.4 3482 [bd.] [b.d.] 1529 [b.d.] 102.9 1073 [bd.] 60.3 2103
2417 10.10 226 15.20 4698 300.7 3507 [bd.] [bd.] 887.8 [b.d.] 94.7 972.8 [bd.] 58 1970
1782 13.50 191 17.20 3694 544.3 6672 [b.d.] [b.d.] 1086 [bd.] 84.9 954.5 [b.d.] 69.7 3019
1068 7.90 287 15.50 4063 224.6 3140 (b.d.) [b.d.] 1037 [bd.] 93.2 1155 [b.d] 56.2 1426
2324 17.00 273 18.60 9085 837.8 11560 [bd.] [bd.] 726.5 [b.d] 125.2 839.3 [b.d] 72.5 5183
1284 7.10 115 16.60 2196 451.5 3620 (bd.] [b.d.] 1481 [bd.] 72.6 797 [bd.] 40.4 2277
1660 8.80 189 14.90 2116 727.7 4388 [b.d.] [bd.] 1228 [bd.] 82.4 761.8 [b.d] 38.4 3122
1317 9.60 181 13.10 2025 607.9 4427 [b.d.] [bd.] 1173 [b.d] 69 727.9 [b.d.] 38.1 2619
July 15, 2003 Raw Data in mg/kg of sediment 
Sample Name
SBOIx 
SBOly 
SBOI2
SB04X 
SB04y 
SB04Z
SB05X 
SB05y 
SB05Z
SB06X 
SB06y 
SBOOz
SB07X 
SB07y 
SB07Z
SB15X 
SB15y 
SB15Z
SB16X 
SB16y 
SB16Z
SB17X 
SB17y 
SB17Z
AI As B Ba Be Ca Cd Co Cr Cu Fe Hg K Li Mg
18595.0 220 (b.d.) 358.300 2 9715.00 15.70 11.05 18 2259 31680 5.02 2629 20 4873
14010.0 129 Ib.d.) 267.700 2 7775.00 15.55 11.25 17 1867 23440 3.66 3166 21 4319
20270.0 211 [b.d.) 411.350 2 9075.00 14.75 10.85 22 2483 34345 5.48 3452 23 5735
22090.0 289 Ib.d.) 444.750 2 8990.00 17.60 8.45 17 4080 37645 6.55 4037 24 6145
21045.0 300 Ib.d.) 522.000 3 9445.00 17.60 9.00 17 4059 41590 8.41 3525 22 5820
20925.0 295 Ib.d.) 436.650 3 8830.00 16.75 8.35 19 3860 40610 7.94 3731 22 5650
19825.0 191 Ib.d.) 354.500 2 9525.00 28.35 14.50 20 3034 31580 4.01 2708 20 5630
14120.0 150 Ib.d.) 306.850 2 13735.00 19.85 10.30 14 2241 24960 3.42 2689 14 4866
19140.0 223 [b.d.) 419.800 2 8250.00 16.35 10.10 21 2705 33225 5.08 3111 21 4910
21265.0 172 [b.d.) 544.500 2 9060.00 8.35 7.25 16 1484 34370 3.91 3408 23 5300
20995.0 139 Ib.d.) 440.750 3 8545.00 7.60 7.55 11 1329 32885 3.26 2820 21 5570
20925.0 180 [b.d] 544.000 3 8300.00 12.50 7.00 16 1802 42755 3.91 3714 22 5200
19715.0 237 Ib.d.) 427.750 2 7625.00 19.15 8.35 23 3664 33065 7.05 3483 21 5630
17185.0 187 [b.d.) 391.350 2 7075.00 16.45 8.50 19 3007 29720 6.15 2941 17 4887
19060.0 212 Ib.d.) 439.750 2 7865.00 19.35 9.85 19 3604 33330 6.96 3686 20 5730
25445.0 62 7.5 342.400 2 13510.00 4.05 9.40 22 605 35375 3.58 4286 29 7040
21615.0 57 5.5 385.500 2 12495.00 5.30 9.00 25 568 30660 0.90 3508 23 6300
23260.0 36 8.0 299.950 2 15545.00 4.35 7.75 15 362 25885 0.52 3119 24 6360
16610.0 83 [b.d.) 319.450 2 11320.00 8.05 8.80 30 996 32275 0.86 3032 18 5805
17455.0 39 [b.d] 408.200 2 11010.00 5.90 6.95 23 772 26145 0.81 2447 17 4800
17560.0 75 6.1 545.000 2 14745.00 9.70 8.80 34 984 39310 0.96 3176 19 6060
19355.0 298 Ib.d.) 354.950 3 8060.00 13.25 11.50 21 2938 43235 4.53 3098 19 4956
17945.0 184 [b.d.) 376.250 2 8175.00 17.50 11.05 19 2869 29080 4.94 2813 18 5670
15880.0 164 [b.d.) 331.750 2 9135.00 15.95 11.15 15 2473 24845 3.96 2276 14 4706
Mn Mo Na Ni P Pb S Sb Se Si Sn Sr Ti Ti V Zn
1867.50 8 495.25 12 2288 721 8140 (b.d.] [b.d.] 1363.0 9.6 86 614 (b.d.] 46 4902
2175.00 6 653.50 11 2662 519 5585 (b.d.] [b.d.] 973.5 8.7 64 480 [b.d] 36 4467
1347.00 9 473.85 13 2225 820 7165 [b.d] [b.d.] 1095.5 10.8 97 666 [b.d.] 50 4616
1687.00 10 502.50 11 2917 965 6755 [b.d.] [b.d] 888.0 10.4 109 693 [b.d] 56 4778
2509,50 10 468.70 10 4079 1433 7070 [b.d.] (b.d.] 854.0 8.3 120 660 [b.d] 61 5160
1727.00 10 420.80 9 3953 1162 7140 [b.d.] [b.d] 820.5 5.6 111 645 [b.d] 56 4477
2862.00 10 420.35 13 2108 713 6885 [b.d.] [b.d] 822.5 4.2 88 657 [b.d] 49 6565
3433.50 9 460.10 11 4117 565 6570 [b.d.] [b.d] 811.0 3.8 92 421 [b.d.] 34 6050
1632.00 9 406.90 11 2034 890 7190 (b.d] [b.d.] 733.0 4.2 90 639 [b.d.] 45 4799
1369.00 6 500.50 9 2261 592 5575 (b.d] (b.d.] 808.0 3.8 191 543 (b.d.] 49 2452
2126.00 5 447.30 8 2016 543 5190 (b.d] [b.d] 795.0 3.3 130 526 [b.d] 48 2175
1092.50 8 594.50 9 2260 626 8040 [b.d] [b.d] 820.0 4.9 179 539 [b.d] 51 2433
1962.50 9 427.60 11 2630 1150 7130 [b.d] [b.d.] 746.0 5.2 99 647 [b.d.] 48 4671
2823.00 9 411.60 10 2722 903 5325 [b.d] [b.d.] 727.5 4.3 89 564 [b.d] 41 4628
2950.00 10 422.55 12 3101 1038 7290 [b.d.] [b.d] 781.0 5.6 100 609 [b.d] 47 5400
^  2169.50 6 463.50 13 3730 530 3026 [b.d.] [b.d.] 741.0 3.2 110 1019 [b.d] 63 1747
1324.00 6 456.60 12 3003 245 4671 (b.d.] [b.d.] 600.5 5.3 90 996 [b.d] 62 1574
1391.50 5 540.50 10 2533 166 2836 (b.d] [b.d] 670.0 4.1 131 1006 [b.d.] 50 1426
1973.50 9 397.00 13 3552 360 4642 [b.d.] (b.d] 649.0 6.1 75 700 [b.d] 65 2493
1185.50 7 488.40 11 4663 226 4525 [b.d] [b.d.] 923.0 9.3 84 539 [b.d] 49 1820
1363.00 12 655.00 14 7950 360 7735 [b.d] [b.d] 903.5 9.4 116 622 [b.d.] 63 3004
2179.00 8 492.50 13 3139 667 4963 [b.d.] [b.d.] 964.5 5.1 83 598 (b.d.] 46 4250
3633.50 9 509.50 12 3226 703 5085 [b.d.] [b.d.] 948.0 4.1 85 552 [b.d.] 41 5815
4750.50 8 560.00 12 3480 577 4782 [b.d] (b.d.] 925.0 2.5 89 469 [b.d.] 36 5470
September 1,2003 Raw Data in mg/kg of sediment
o
QO
Sam ple Name Ai As B Ba Be Ca Cd Co Cr Cu Fe Hg K LI Mg
SBOIx 15255.0 230 32.4 438.150 1.35 13810.00 27.00 12.50 20.0 2923 34455 4.15 3322 19.0 5570
SBOly 15705.0 205 29.7 331.750 1.44 13020.00 27.25 13.80 19.5 3134 31065 4.59 3132 18.3 5610
SB01Z 17120.0 217 30.7 395.000 1.59 16520.00 35.30 12.55 18.9 3819 34485 4.86 2754 19.9 5850
SB04X 19035.0 896 35.8 680.500 1.62 6215.00 13.40 6.90 14.4 5570 39695 12.0 4138 20.5 4884
SB04y 17080.0 593 37.7 569.500 1.69 8370.00 20.30 8.25 17.2 5625 41410 13.3 3469 18.7 4898
SB04Z 15915.0 506 35.5 528.000 1.48 7555.00 15.45 8.05 16.9 4402 38985 10.2 3395 17.4 4575
SB05X 14705.0 280 29.6 383.700 1.41 20075.00 40.00 15.65 18.7 3799 30875 4.36 3258 18.1 6125
SBOSy 13665.0 250 27.0 372.050 1.34 17640.00 47.10 14.45 17.2 4418 28145 4.09 3822 16.6 6115
SB05Z 14710.0 289 30.1 357.700 1.51 22995.00 43.25 15.00 17.5 4212 32300 4.73 3315 18.1 6090
SB06X 13470.0 288 32.3 341.900 1.28 6590.00 15.60 7.60 13.9 2402 36040 5.50 2324 15.8 3819
SB06y 19565.0 192 39.0 421.900 1.84 8880.00 21.30 11.55 16.1 2235 42940 4.17 3550 22.2 5655
SB06Z 13395.0 155 35.8 294.350 1.37 7260.00 13.45 8.85 14.2 1680 40475 3.25 1885 15.2 3891
SB07X 16025.0 350 29.5 466.800 1.57 7330.00 22.10 8.55 17.7 4719 33205 8.52 2887 17.9 4699
SB07y 16365.0 512 31.5 529.000 1.88 6480.00 22.10 8.05 16.4 6805 36000 9.58 2810 16.9 4503
SB07Z 15550.0 403 33.0 489.350 1.57 7630.00 26.15 10.05 18.5 5800 34125 9.52 3462 18.0 4739
SB15X 19110.0 54 35.5 390.100 1.26 12315.00 4.05 10.90 17.2 467 31335 2.10 4145 22.4 6135
SB15y 17365.0 77 39.8 505.500 1.17 13820.00 10.55 17.80 27.5 862 36955 1.52 4157 21.6 6765
SB15Z 18755.0 46 33.3 400.150 1.19 10965.00 6.60 10.60 19.4 582 29635 0.98 3884 21.2 6230
SB16X 17560.0 190 42.1 437.950 1.45 17695.00 14.20 14.55 34.4 2037 44405 2.77 3145 19.3 6520
SB16y 16360.0 71 32.5 649.000 0.98 21840.00 9.80 9.95 29.2 1108 28410 1.50 3747 16.7 6375
SB16Z 14580.0 87 43.5 776.500 1.12 24040.00 11.15 9.05 29.8 1107 42475 1.41 3777 15.7 6160
SB17X 13930.0 295 33.2 356.000 1.72 6185.00 21.65 10.35 17.0 5050 35215 6.36 2534 14.0 3862
SB17y 15280.0 273 28.0 374.000 1.68 7690.00 32.05 12.25 19.5 5520 30075 6.57 2591 16.9 4558
SB17Z 13500.0 270 28.1 353.050 1.48 9490.00 34.65 13.80 16.7 4749 29610 5.74 2785 14.1 4349
Mn Mo Na Ni P Pb S Sb Se Si Sn Sr Ti TI V Zn
3700.50 8.35 384.75 12.70 2649 809 6410 [b.d.] [b.d] 989.5 4.80 102 539 [b.d] 48.3 6305
3632.00 9.40 433.65 14.05 2641 702 9360 [b.d] [b.d] 851.5 5.60 95 504 [b.d] 42.6 6940
2562.00 9.40 467.90 14.25 2582 807 9285 [b.d] [b.d] 1102.0 5.25 112 540 [b.d] 46.4 7750
2810.00 11.45 703.00 7.00 2118 2194 6390 [b.d] [b.d] 1160.5 9.45 107 588 [b.d] 53.1 4814
2386.00 10.35 581.50 8.60 3651 2100 7135 [b.d.] [b.d] 939.0 7.75 122 546 [b.d] 56.1 5810
2014.00 9.55 498.40 8.40 3295 1720 7040 [b.d.] [b.d] 1009.5 8.15 106 545 [b.d] 51.6 5010
5915.00 10.50 460.05 14.25 3124 807 8320 [b.d.] [b.d] 1043.0 5.95 115 461 [b.d] 39.8 8810
8745.00 10.45 507.00 15.00 5670 785 5465 [b.d] [b.d] 779.0 5.15 118 403 [b.d] 35.2 9500
4261.00 12.00 473.30 15.15 3183 797 13895 [b.d] [b.d] 1125.0 6.55 118 455 [b.d] 41.6 9995
1165.50 6.50 433.00 7.35 1729 994 9840 [b.d.] [b.d] 847.0 7.00 101 469 [b.d] 48.9 3019
1487.50 6.90 538.00 10.65 2753 798 5510 [b.d] [b.d] 1322.5 6.40 137 438 [b.d.] 53.5 3773
1229.50 5.50 320.00 8.55 2009 605 14190 [b.d] [b.d] 917.5 5.15 81 441 [b.d] 56.0 2570
2043.00 10.05 483.90 11.00 2390 1445 7985 [b.d] [b.d] 835.0 8.45 98 506 [b.d] 44.5 6540
2651.00 11.05 557.50 9.70 2790 1839 7865 [b.d.] [b.d] 801.0 8.15 120 505 [b.d] 45.1 6790
2772.50 11.75 452.30 11.05 2777 1641 10105 [b.d] [b.d] 832.5 8.10 105 496 [b.d] 43.0 7325
^ 3367.00 4.35 438.60 11.15 3168 338 2298 [b.d] [b.d] 514.5 5.65 93 808 [b.d.] 54.6 1351
8505.00 8.90 506.50 15.80 5545 485 3769 [b.d] [b.d.] 577.5 8.05 113 629 [b.d.] 62.3 2908
2501.50 4.00 519.50 12.15 3219 274 2947 [b.d] [b.d.] 602.0 6.60 96 766 [b.d.] 49.3 1739
5685.00 13.45 431.70 17.25 3735 779 13145 [b.d] [b.d.] 550.0 7.60 99 657 [b.d] 71.5 4108
2729.00 9.85 642.50 15.20 6900 463 5835 [b.d.] [b.d.] 645.5 14.65 132 294 [b.d] 55.9 3200
3174.50 9.80 637.50 13.50 11910 501 6125 [b.d.] [b.d.] 577.0 15.60 199 282 [b.d.] 53.6 3507
2450.00 8.75 516.50 11.55 3317 885 5775 [b.d.] [b.d.] 688.5 6.05 70 377 [b.d] 35.3 6260
2679.50 10.70 546.50 14.10 3271 960 8490 [b.d] [b.d] 725.5 8.10 84 421 [b.d] 37.4 9265
3048.50 9.25 554.50 13.60 4165 869 5820 [b.d] [b.d.] 858.0 6.55 84 369 [b.d] 35.5 8830
October 26, 2003 Raw Data in mg/kg of sediment
o
o
Sample Name AI As B Ba Be Ca Cd Co Cr Cu Fe Hg K LI Mg
SBOIx 13975.0 145 49.2 308.700 0.34 13785.00 18.25 10.30 18.3 2119 29460 2.91 3171 17.1 4752
SBOly 18375.0 190 51.0 373.150 0.62 11850.00 28.80 11.70 21.8 3163 32210 3.82 3524 20.9 5840
SB01Z 14575.0 148 46.9 309.600 0.38 12355.00 18.60 9.90 19.0 2068 31115 3.29 2330 16.9 4449
SB04X 22025.0 915 66.3 713.500 0.61 6455.00 21.75 7.30 18.7 8325 43705 13.3 3515 21.7 4906
SB04y 20095.0 461 61.6 535.500 0.63 7515.00 19.55 9.55 19.0 4721 40295 10.5 2957 20.8 5115
SB04Z 22375.0 437 64.8 552.500 0.73 8370.00 21.80 9.80 20.6 4971 44365 10.4 2483 22.4 5365
SBOSx 16885.0 216 47.4 428.650 0.54 18960.00 27.70 12.30 21.4 3125 30500 3.48 2673 20.0 5805
SBOSy 16740.0 258 49.4 400.750 0.60 14695.00 34.20 11.40 18.3 3654 31485 4.55 3570 19.1 5880
SBOSz 18380.0 277 54.5 410.750 0.67 18290.00 35.95 13.30 20.3 3907 35695 4.79 2971 20.7 6030
SB06X 21360.0 242 62.1 499.000 0.71 8745.00 25.45 10.60 24.6 3546 40450 6.03 3013 24.4 5700
SB06y 26910.0 207 63.4 524.500 1.25 7530.00 30.60 9.10 20.8 5415 40765 5.59 2945 26.1 6115
SB06Z 24780.0 154 61.9 509.000 0.86 10200.00 33.85 10.90 22.3 2868 38695 4.09 2979 25.5 6225
SB07X 22800.0 315 54.1 451.750 0.82 7960.00 20.90 10.35 23.4 4326 35160 7.79 2359 22.2 5840
SB07y 16200.0 363 59.7 481.400 0.43 6960.00 16.65 7.45 23.1 3366 39445 7.42 2074 16.3 4014
SB07Z 19885.0 357 54.6 499.250 0.78 7490.00 23.50 9.70 21.9 5650 35840 8.61 2656 19.9 5145
SBISx 21285.0 73 59.7 388.250 0.41 15405.00 16.45 12.35 32.4 1089 35305 1.56 3553 22.8 6830
SB15y 24230.0 76 55.2 386.300 0.53 13545.00 19.75 11.70 31.2 1022 35090 1.72 2236 24.5 6835
SB15Z 22680.0 65 56.7 396.250 0 4 5 15675.00 16.20 11.75 28.9 949 33825 1.36 3337 24.2 6890
SB16X 21895.0 90 50.5 886.500 0.48 17805.00 21.05 10.05 35.7 2468 30655 2.55 2216 18.3 6035
SB16y 22115.0 57 49.2 761.000 0.42 18965.00 18.20 11.15 31.1 1640 29735 2.36 2218 17.6 6110
SB16Z 19515.0 78 65.2 753.500 0.27 18890.00 17.45 9.55 34.0 1444 41685 1.61 2424 18.7 6070
SB17X 20495.0 324 55.0 433.350 0.92 8855.00 27.05 12.25 20.8 5370 39425 6.27 1605 17.2 4771
SB17y 17905.0 276 49.3 467.700 0.85 8650.00 27.05 12.15 20.8 4949 32915 6.15 2832 16.9 4699
SB17Z 18125.0 279 49.4 434.600 0.83 9070.00 25.00 14.60 19.1 4646 33360 6.02 2493 16.9 4692
Mn Mo Na Ni P Pb S Sb Se Si Sn Sr Ti TI V Zn
3243.00 7.25 349.15 11.30 2265 519 5710 (b.d.J [bd.] 709.5 6.15 95 602 [b d] 41.2 4683
4474.50 8.85 470.85 13.75 3929 665 6510 |bd.] [bd.] 826.5 6.10 104 609 [bd.] 41.7 6915
2436.00 6.75 361.45 10.60 2279 529 6605 (bd.] [bd.] 674.0 4.40 94 593 [bd.] 44.5 4671
2737.50 13.35 861.00 8.35 2996 2405 9275 [bd.] [b.d.] 704.5 11.90 133 641 [bd.] 57.1 5860
2512.50 10.40 539.00 10.40 4174 1445 6845 |b.d] [bd.] 686.0 8.55 112 630 [b d ] 52.6 5515
2114.50 10.55 547.00 9.85 4199 1750 8880 (bd.] [bd.] 797.0 8.15 122 672 [b.d] 60.5 5930
5405.00 9.45 463.70 12.40 3728 717 5705 [bd.] [b.d] 794.5 6.35 119 561 [bd.] 40.6 7265
5050.00 10.65 550.50 13.10 5480 850 6495 [bd.] [b d ] 871.5 5.85 117 519 [bd.] 39.0 8600
4747.00 11.70 511.00 14.10 4376 894 8125 [b.d] [b.d] 877.5 6.70 123 575 [bd.] 44.0 8985
1497.00 11.85 575.50 11.25 3546 1266 9800 [b.d] [bd.] 633.0 9.35 147 670 [b.d] 57.3 5415
1440.00 8.35 520.00 10.35 3112 940 7525 [bd.] [bd.] 612.0 8.65 126 550 [b.d.J 56.0 2960
3019.50 8.80 572.50 11.90 4240 674 6820 [b.d.] [b.d.] 914.5 7.90 142 652 [b d ] 54.4 3447
2176.50 9.15 481.85 12.10 2721 1258 9505 [b.d.] [b.d] 727.5 6.05 97 704 [b.d] 50.3 5765
1517.50 10.05 449.25 9.30 3540 1533 10480 [bd.] [b.d] 616.5 7.00 94 602 [b.d] 53.2 5025
2511.50 10.45 458.20 10.40 3929 1471 10620 [bd.] [b.d] 668.0 7.70 108 640 [b.d.] 47.6 6580
2186.00 10.65 523.50 15.90 5725 393 5970 [b.d.] [bd] 651.5 10.95 107 748 [b.d.] 61.5 3677
1558.50 12.20 573.00 15.30 4483 373 6975 [b.d.] [bd.] 751.0 8.35 105 893 [bd.] 66.5 4046
1902.00 9.95 558.00 14.85 5180 341 4935 [b.d.] [bd.] 510.0 8.75 110 803 [bd.] 59.7 3337
1067.50 20.90 774.50 17.65 9870 490 13295 [b.d] [bd.] 718.0 22.50 181 277 [bd.] 62.9 5610
2168.50 12.55 752.00 15.55 9485 361 8315 [bd.] [b.d] 706.0 19.45 143 341 [b.d.] 54.7 4157
1983.00 12.65 645.00 14.55 11420 389 9335 [bd.] [bd.] 744.0 14.80 156 454 [bd.] 61.7 4261
4178.50 10.55 545.50 11.95 6015 1026 7175 [bd.] [b.d] 858.0 5.75 111 515 [b.d.] 42.5 7835
4935.50 10.90 549.00 13.15 6115 1026 7735 [bd.] [bd.] 732.0 7.40 118 496 [bd] 40.4 8450
6620.00 10.85 561.00 13.05 6245 991 6510 [bd.] [b.d] 960.0 5.65 105 496 [bd.] 41.0 7660
